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THE ROLE OF ECONOMIC ANALYSIS IN
LIGHTING™

Lighting must be responsive to all the needs of the user, in-
cluding economic needs. In fact, economic needs often drive
the decision-making process when lighting systems are de-
signed and purchased. Unfortunately, economic concerns
are often considered the antagonist of aesthetic and visual
concerns. The lighting professional tends to draw up a list of
those criteria and needs that are considered essential, and
then begins the complicated process of identifying priorities
and determining those that can be accommodated by the
budget.

Rather than considering economic analysis as the antithe-
sis of engineering analysis or aesthetic design, it should be
viewed as a framework within which all of the needs of the
various clientele can be taken properly into account. For ex-
ample, when a worker’s vision is impaired by disability
glare, reduced productivity is an economic consequence. A
decision to improve the lighting could be based on the eco-
nomic needs of the owner. When the lighting of an office
building atrium fails to complement the architecture of the
space, the rental value fails to achieve its potential. Again, a
decision to improve the lighting is an economic decision.
Thus, correctly taking care of economic needs can ensure
that the other lighting needs are properly considered.

A comprehensive lighting economic analysis for new or
existing systems should:

* Compare alternative systems

 Evaluate maintenance techniques and procedures

» Evaluate energy management technologies and
strategies

* Determine the effect of lighting on other building
systems

* Plan budget and cash flow

= Simplify lighting system characteristics to a cost
measure

* Determine the benefit of lighting relative to its cost
(cost-benefit analysis)

LIGHTING COST COMPARISONS

Many metrics and techniques have been proposed over the
years for comparing the cost of one lighting system with that
of another. These methods can be classified into two cate-
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gories: first-level and second-level analysis methods (Figure
25-1). The distinction between the two groups is that the
first-level methods do not consider the time value of money.
The term “time value of money” refers to the fact that one
dollar today is not equivalent to the promise of one dollar at
a specified time in the future.

The Cost of Light

The simplest economic analysis consists of one rule: the ini-
tial costs are compared and the least expensive is chosen.
Thus, if lamp A costs $1.20 and lamp B costs $1.00, lamp B
is selected. If the lamps are identical in performance, this
may be a sufficient analysis. However, if lamp A produces
1000 lumens (Im) and lamp B produces only 800 Im, then
one might choose A based on a comparison of the cost per
lumen (A, 0.12 cents/Im; B, 0.125 cents/lm). On the other
hand, lamp A might have a rated life of 1000 h as compared
with 1100 h for lamp B, so a further refinement of the calcu-
lation would be necessary.

Both costs and benefits must enter the analysis in order to
obtain a meaningful result. The process of providing the de-
sired lighting involves the expenditure of money for a num-
ber of products (e.g., lamps, luminaires, and wire, and ser-
vices such as labor and electricity) to obtain certain benefits,
namely light. This was recognized early in the history of
electrical lighting, and basic measures of lighting value have
been developed based on the idea of cost per unit of lighting
delivered. This is the traditional “cost of light” and would
logically be expressed in dollars per lumen hour. Because
the cost per lumen hour of a typical general lighting system
is very small, the unit of dollars per million lumen hours is
usually used instead.

The cost of light can be expressed by the following equa-

tion:
10 P+h
U= 6 ( 5 + WR) (25-1)

U = unit cost of light for a lamp (dollars/10% lImXh),

© = mean lamp flux (lumens),

P = lamp price (cents),

h = labor cost to replace one lamp (cents),

L = average rated lamp life (thousands of hours),

W = mean input power per lamp (lamp and losses) (watts),
R = energy cost (cents/kilowatt-hour).

where

VWGoA EX1013 (Part 8 of 8)
U.S. Patent No. 9,955,551
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Figure 25-1. Lighting Cost
Comparison Methods

First-Level Analysis Methods*
Cost of light
Simple payback
Simple rate of return
Second-Level Analysis Methods
Life-cycle cost-benefit analysis
Savings-investment ratio
Internal rate of return

* Generally not recommended for
large or complex projects.

The cost of light is calculated by multiplying the average
light output in lumens by the life of the lamps and dividing
the result into the total owning and operating costs for the
same time period. Equation 25-1 shows the simplest formu-
lation. The cost-of-light method can be used to compare two
competing lamps for use in the same lighting system or to
evaluate a retrofit lamp such as a compact fluorescent lamp
as an alternative to an existing incandescent lamp.

Note that this equation contains no information about the
luminaire in which the lamp is housed. Care must be exer-
cised in extending its use to choices between systems con-
taining different luminaires. Suppose, for example, a manu-
facturer introduces a new lamp as an efficient replacement
for metal halide lamps. By performing the calculation of
Equation 25-1 twice, once for a metal halide lamp and once
for the new lamp, one could determine approximately the
cost to produce one million lumen hours with each of the
two lamps individually. However, if the lamps differed ap-
preciably in physical characteristics such as size, shape, and
operating temperature, the luminaires that house them might
also differ appreciably in efficiency, cleaning requirements,
intensity distribution, or maintenance characteristics. Each
of these differences could affect the cost of owning and us-
ing the system.

Another weakness of the cost-of-light method is that it
does not consider the time value of money. However, when
the life of the project is short (say, two years or less), as oc-
curs in seasonal or other temporary lighting, interest rates
have little effect on the analysis, and a method that ignores
them can still be useful. Also, if interest rates are very low or
are considered separately (as in a project involving an ex-
pense rather than a capital expenditure), then ignoring the
time value of money may be appropriate.

Simple Payback

Simple payback is a first-level method commonly used in
the lighting industry today for comparing and evaluating a
lighting project or proposal. Payback offers information
about the amount of time required for an investment or ini-
tial outlay to be paid off. It is defined as the initial cost of a

0575

system divided by the annual cash flow or saving that the
system engenders. Simple payback is calculated by the fol-
lowing formula:

(25-2)

|~

where

P = payback period (years),
I = incremental investment (dollars),
A = incremental annual cash flow.

The term “incremental” in the above definitions for / and
A indicates a comparison of one system to another. Two
types of comparisons are possible: comparing a proposed re-
placement system to an existing system, or comparing de-
sign alternatives for a new space in which there is no exist-
ing system. The former is the more common use of the
simple payback concept in lighting.

Frequently, questions arise concerning the desirability of
replacing existing lighting with a new technology. Will a
system pay for itself and how long will it take to do so are
the most commonly asked questions. For example, the owner
of an office building may estimate that a certain lighting
modification saves about $2000 in energy costs annually.
The expense associated with purchasing and installing the
modification is estimated at $11,000. Thus the simple pay-
back period would be

P = $11,000/$2000 = 5.5 yr

Those who like the simple payback method argue that it
is easy to use and a simple way to determine the profitability
of a proposed action. In fact, however, it is actually a risk as-
sessment tool posing as a profitability metric. This is seen by
examining the question the method answers. It does not an-
swer the question, is a certain investment profitable? Rather,
it responds to the concerns of the person who is unsure about
the future and hopes to recoup the investment as soon as
possible. If getting money back is the primary concern, then
there is no reason to make the investment at all. If no invest-
ment is made, then that money is available immediately, and
the payback is zero years, the ideal result of a simple pay-
back calculation.

Another problem with this method is that it fails to con-
sider what happens after the investment is paid back. For ex-
ample, if the savings from system A (which has a shorter
payback than system B) decline sharply each year after the
payback period, but the savings of system B remain steady,
the payback method has led to the choice of an inferior al-
ternative. A similar situation is encountered if the systems
have different lengths of economic life. Therefore the pay-
back method cannot be used when the alternatives have
nonuniform cash flows, nor is it appropriate for assessing
options having different lives.

As with all first-level methods, simple payback does not
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consider the time value of money. Therefore, like the cost-
of-light method, simple payback is best suited for short-
lived projects for which interest rates have little importance.
Simple payback can also be helpful as an initial screening
method for projects of longer duration: if a system pays
back within some specified short period (typically one or
two years), then it is extremely likely to be profitable and
can be accepted with no further analysis. However, a project
that does not pass such a test should not be rejected, since it
may still be profitable. Instead, the project should be sub-
jected to more rigorous analysis based on a second-level
method.

Simple Rate of Return

The simple rate of return is simply the reciprocal of the pay-
back:

A

ROR = T (25-3)

where

ROR = rate of return,
A = incremental annual cash flow,
I = incremental investment.

Thus if a system saves $20,000/yr and requires an initial
investment of $100,000, its simple rate of return is $20,000/
$100,000, or 20%, equivalent to a 5-yr payback. The advan-
tages and disadvantages of this method are identical to those
of the payback method. It is simple to apply and understand,
but it cannot deal with nonuniform savings streams or un-
equal lives.

Life-Cycle Cost-Benefit Analysis (LCCBA)

The first-level methods are attractive due to their simplicity.
However, they may lead to serious errors, and thus they are
generally not recommended for large or complex projects.
Of the second-level methods, life-cycle cost-benefit analysis
(LCCBA) has emerged as the most robust method and is ap-
proved by experts in managerial economics from all indus-
tries.** Therefore, LCCBA is presented here as the eco-
nomic analysis method recommended by IESNA.?

LCCBA uses a differential cost to give a direct compari-
son of systems under consideration. As with all second-level
methods, the time value of money is considered. An outline
of this method for comparing new interior lighting systems
is illustrated by the worksheet in Figure 25-2. Within the
format of that figure, two lighting system alternatives (sys-
tems 1 and 2) are compared. Both systems must be assumed
to provide equal functional benefits or to fulfill all func-
tional requirements, and any additional benefits either sys-
tem provides have no economic value to the owner. The
method is easily expanded using the same format if compar-
ison of additional options is desired.
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The first step in the LCCBA process is to complete the
worksheet in Figure 25-2 for each system under considera-
tion. The notes give estimates and default values to be used
only as a last resort for values that are not available by any
other means. Since initial costs and annual power and main-
tenance costs occur at different times, they cannot be di-
rectly compared. The second step, then, is to put all terms
into their time equivalents to allow comparison. The follow-
ing equations are used to take into consideration the time
value of money.

The single present-worth factor is calculated by

1
(1+y

P=FX (25-4)

where

P = present worth, or the equivalent value at present
(dollars),

F = future worth, or the amount in the future (dollars),

vy = number of years,

i = opportunity or interest rate as a decimal fraction
(5% equals 0.05).

The single present-worth factor finds a value today, P,
which is equivalent to a value in the future, F. In other
words, one is equally willing to be paid P dollars today as to
pay F dollars at a time y years in the future.

The uniform present-worth factor is determined by the
following equation:

1+ip-1

P=AX Ty

(25-5)

where

P = present worth, or the amount at present (dollars),
A = amount of an annual payment (dollars),

y = number of years,

i = opportunity or interest rate as a decimal fraction.

This equation converts a stream of equal annual amounts
into a single present value. These is no cost difference be-
tween making annual payments of A dollars for the next y
years and paying P dollars today.

The uniform capital recovery factor is

i1+

* m (25-6)

A=PpP

where

A = amount of an annual payment (dollars),
P = present worth, or amount at present (dollars),
y = number of years,
i = opportunity or interest rate as a decimal fraction.

The reciprocal of the uniform present-worth factor, the
uniform capital recovery factor, is the annual amount which,
in a uniform stream, is equivalent to P dollars today.
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Figure 25-2. Worksheet for LCCBA

Systemn 1 System 2

A. Initial Costs

1. Lighting system—initial installed costs, all parts and labor:

2. Total power used by lighting system (kW):

3. Air-conditioning tons required to dissipate heat from lighting (kW / 3.516):

4. First cost of air-conditioning tons in line A3 @ $
5. Reduction in first cost of heating equipment:
6. Utility rebates:

7. Other first costs engendered by the presence of the lighting systems:

8. Subtotal mechanical and electrical installed cost:
9. Initial taxes:

10. Total costs:

11. Installed cost per square meter (memo):

12. Watts of lighting per square meter (memo):

13. Residual (salvage) value at end of economic life:

B. Annual Power and Maintenance Costs
1. Luminaire energy (operating hours x kW x $ / kWh):

2. Air-conditioning energy (operating hours X tons X kW /ton x $ / kWh):

3. Air-conditioning maintenance (tons X $ / ton):
4. Reduction in heating cost:
5. Reduced heating maintenance (MBtu x $ / MBtu):

6. Other annual costs engendered by the lighting system:

7. Cost of lamps annually (see notes):
8. Cost of ballast replacement (see notes):

9. Luminaire washing cost (number of luminaires x cost per luminaire):

10. Annual insurance cost:
11. Annual property tax cost:

12. Subtotal, annual power and maintenance (with income tax):

13. Income tax effect of depreciation:
C. Comparisons

1. Present worth: A10 + P(A13) + P(B12 + B13)
2. Annual cost: A(A10) + A(A13) + Bi2 + B13

/ ton:

[ TTHTRHTHTE TTHTTH T
T TP

In section C, P represents the present worth factor, and A represents the annual cost factor described in the text

The uniform sinking fund factor is determined by

i

ASFXaTy-1

(25-7)

where

F = future worth, or amount in the future (dollars),
A = amount of an annual payment (dollars),

y = number of years,

i = opportunity or interest rate as a decimal fraction.

This equation finds an equal stream of annual amounts
that is equivalent to some specified amount at a specific time
in the future. Again, there is no cost difference between the
offer of F dollars y years from now and the offer of A dollars
each year for y years.

The present worth of an escalating annual cost can be de-
termined by one of several formulas. The general form is

2, . [Erp
P=> AT (25-8a)
k=1
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where

P = present worth, or amount at present (dollars),
A = initial annual payment (dollars),
y = number of years,
i = opportunity or interest rate,
r = rate of escalation, or percentage by which the an-
nual payment increases each year, as a decimal
fraction (5% equals 0.05).

If the interest rate i and the rate of escalation r are the
same, the above equation becomes

P=Ay (25-8b)
If i and r are different, Equation 25-8a becomes

B A+ +i— 1+ rP] 5
P=AX—0=pa+v (o)
The systems can now be compared in either of two ways.
Either the residual value (line A13 from Figure 25-2) and
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annual costs (lines B12 and B13) can be converted to their
present values using Equations 25-4 and 25-5, respectively,
or the total initial cost (line A10 from Figure 25-2) and the
residual value (line A13) can be converted to annualized
amounts using Equations 25-6 and 25-7, respectively. Once
all costs for a system have been converted to either annual
equivalents or present-worth equivalents, they can be summed
to obtain a single value for each system. Systems can now be
compared on the basis of a single number. These approaches
are summarized in section C of Figure 25-2.

An additional subtlety can be injected if an estimate is
available for the expected rate of cost increase over time for
any of the costs (for example, if it is predicted that the cost
of energy will increase 5% each year over the planning hori-
zon). Using Equation 25-8a, b, or c, escalation rates of this
type can be applied to the annual costs of lines B1 through
B11 of Figure 25-2.

Notes on the Use of Equations 25-4 through 25-8. Equa-
tions 25-4 through 25-8 serve to make explicit the notion that
one dollar today is not equal in value to one dollar a year from
now. This is easily seen from the example of $100 deposited
in an account that bears 5% annual interest. At the end of one
year, the amount has grown to $100 plus 5%, or $105. Thus it
can be said that $100 today is in some sense equivalent to
$105 one year from today. In terms of Equation 25-4,

1
1+ iy

$100 = $105 X

P=FX

(1 + 0.05)!

If it is desired to know how much would need to be de-
posited in this account today in order to yield $100,000 in 20
years, Equation 25-4 can again be applied:

1
P = $100,000 x W

P = $37,689

Again, $37,689 today and $100,000 in 20 years are con-
sidered equivalent at an interest rate of 5%. This equivalence
holds for any 20-year investment at 5% interest, including
lighting systems.

Similarly, time equivalents can be computed for streams
of equal annual payments or receipts. For example, if the de-
positor in the previous example does not have $37,689 today
to deposit in an account, it might be desirable to know how
much money must be set aside each year over the next 20
years in order to have $100,000 on hand at the end of that
period. Equation 25-7 is used:

[
ASFXTvy-1
A = $100,000 X w o
- ’ (1+0.05% -1
A = $3024

Twenty annual payments of $3024 are equivalent to
$100,000, 20 years from now, if the interest rate is 5%. One
might be willing to pay $3024 annually in maintenance
costs to avoid the need to replace a lighting system at a cost
of $100,000 after 20 years.

To illustrate the use of Equation 25-5, consider a lighting
retrofit that saves $10,000 per year in energy costs each year
over the next 10 years. How much should one be willing to
pay for this retrofit today if the interest rate is 6%?

g e A=
i(l+iy
- (1 + 0.06)1° — 1
P = $10,000 X 667+ 0.06)10
P = $73,601

So $73,601 today is equivalent to a stream of equal pay-
ments (or receipts) of $10,000 annually for 10 years at 6%
interest.

NOTES ON THE LCCBA WORKSHEET

This section contains some explanatory information for us-
ing the LCCBA worksheet in Figure 25-2. Since the analysis
of lighting system economics is predominantly the analysis
of costs, the convention used is costs are positive, and rev-
enues, savings, and benefits are negative. Estimates and de-
fault values listed should be used only as a last resort if ac-
tual figures are not available.

This worksheet procedure can be used to analyze new
construction as well as lighting retrofits. For lighting retro-
fits, the existing system can be identified as System 1, and
each line item should reflect the associated cost. Most of the
initial costs for the existing system are zero, unless mainte-
nance to the existing lighting system is considered. Costs for
the proposed replacement system should account for reused
equipment (e.g., most of the existing electrical wiring). In-
put values should reflect the combined performance and cost
characteristics of the lamp/ballast/luminaire combination.

Section A

1. An estimate is prepared for material and labor of
the installation. This amount is in dollars.

2. Enter the connected load of the lighting system,
including ballasts and transformers, if any. This
line should be in kilowatts.

3. Each lighting system introduces heat into the
building, which must be dissipated by the air-con-
ditioning system. One ton of air conditioning can
dissipate the heat generated by 3.516 kW of light-
ing (equivalent to 12,000 Btu/h). If the lighting
system choice alters the size of the air-condition-
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10.
I1:

12.

15.

ing equipment, the appropriate equipment sizes
should be entered so that the difference in refrig-
eration tonnage is considered between alternate
lighting conditions. If the air-conditioning equip-
ment does not change, enter a zero on this line.

Note: If a daylighting system is being analyzed,
the air conditioning loads are likely to be affected
by the glazing conditions and by the interior and
exterior shading devices employed."

. Enter the first cost of the air-conditioning equip-

ment in line A3, which is between $1000 and
$2000 per ton. Use the same value for each sys-
tem. If the cooling requirements of the systems
differ only by a few tons, the same nominal-size
cooling plant can be used for both. For example, if
one system requires 62 tons of cooling and an-
other requires 64, then both designs might call for
a 65-ton unit, and no first-cost differential would
be realized. A similar caveat applies to item AS.
The value on this line should be in dollars.

. The heat generated by each lighting system can

reduce the heating load on the building. This
means that the heating plant can be smaller, and
thus the first cost of the heating plant is reduced.
Enter on line A5 the amount of that reduction for
each lighting system as a negative number. Heat-
ing equipment costs range from approximately
$15 to $25 for each kBtu it consumes. Each kilo-
watt of lighting reduces the heating needed by
about 3.4 kBtu/h. This line should be in dollars.
Note that in the analysis of a daylighting system,
the effect on the cooling and heating loads should
be addressed through a detailed analysis."

. In order to reduce peak demand, electric utility

companies in the United States may offer incen-
tives for end users who retrofit or install energy-
efficient lighting equipment in their buildings. En-
ter a financial incentive as a negative number, in
dollars.

. Include any other differential costs, such as insu-

lation, solar power, or tax credits, in dollars.

. The subtotal is the sum of lines Al, A4, A5, A6,

and A7, taking proper note of signs.

. Usually 6 to 8% of the first cost (line A8). Enter as

a dollar amount.

The sum of lines A8 and A9.

The installed cost per square meter can be in-
cluded as a memo; it does not enter into the LCCBA
calculation.

The power density can be included as a memo; it
does not enter into the LCCBA calculation.

The amount the system will be worth at the end of
its economic life (as scrap, for example). Use the
same life for each system under comparison. Note
that this value is negative if money is received for
the salvage; it is positive if a cost is incurred to
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dispose of the system at the end of its life. This
amount is in dollars.

Section B

1. The number of operating hours and cost per kilo-
watt-hour depends on occupancy schedules and
local power rates. Ten hours a day, five days a
week, 52 weeks per year represents 2600 h. In the
United States, the average energy cost for com-
mercial, institutional, and industrial customers is
on the order of $0.08 to $0.09 per kWh. The im-
pact of demand charges should be included in the
kWh rate if the lighting system is expected to op-
erate at the time of peak building demand. If the
system is operated exclusively at off-peak hours,
only the energy charge should be considered. This
line is in dollars.

2. The number of tons of air conditioning should
come from line A3. The number of kilowatts per
ton for a central plant is approximately 1.25. The
value in this line is in dollars.

3. This value can be approximated by $150/ton
times the air-conditioning tons from line A3, in
dollars.

4. This is the reduction in the annual cost of fuel for
heating equipment due to increased heat obtained
from the lighting system. The number of heating
hours can be obtained by the formula

heating hours = (lighting hours) X 0.85 — (cooling hours)

The heat from the lighting system in MBtu is given by
this formula:

heat from lighting system = (kW of lighting)
X (3.413 MBtw/kWh)
X (heating hours)

To convert costs of typical fuels to dollars per MBtu,
multiply the cost of fuel (such as $0.80/gal for fuel oil) by
the corresponding value in column 4 of Figure 25-3 (such as
10 gal/MBtu). For example, if the price of electricity is $0.10/
kWh, the cost per MBtu is ($0.10/kWh) X (293 kWh/MBtu)
= $29.30/MBttu. If the price of fuel oil is $0.80/gal, the cost
per MBtu is ($0.80/gal) X (10 gal/MBtu) = $8.00/MBtu. Thus

annual reduction in heating energy costs =
(MBtu of heat from lighting) X (fuel cost per MBtu)

This value should be in dollars. Note that if daylighting is
used, the effects of shading devices on air-conditioning costs
should also be considered."

5. Heating maintenance costs can be approximated
by $2/MBtu. Multiply by the number of MBtu of
heat from lighting to get a dollar amount.
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Figure 25.3. Conversion Factors for Various Fuels

Fuel Fuel Unit Fuel to obtain
Efficiency Energy 1 MBtu
Electric heat 1.0 0.0034 MBtu/kWh 293 kWh
Coal 0.65 30 MBtu / ton 0.05 ton
No. 2 fuel oil 0.70 0.14 MBtu / gal 10 gal
Natural gas 0.70 1.0 MBtu / mCF 1.4 mCF / MBtu

6. Other costs may include costs, in dollars, for in-
spection of the lighting system.

7. The cost of lamps per year depends on the relamp-
ing strategy. If spot relamping is used, then the
lamp cost per year is figured from this formula:

lamp cost per year =
(cost for spot replacement of one lamp)
X (number of lamps in the system)
(lamp life) / (annual burning hours)

For group relamping, use

lamp cost per year = (number of lamps replaced per year)
X (cost per lamp of group relamping)

Either way, the number on this line should be a dollar
amount.

8. To annualize ballast costs, use

ballast cost per year =
(cost to replace one ballast)
X (number of ballasts in the system)

(ballast life) / (annual burning hours)

This amount is in dollars.

9. Multiply the number of luminaires by the cost to
clean a single luminaire to obtain the annual cost
in dollars.

10. Approximately 1 to 1.5% of first cost.

11. Approximately 4 to 6% of first cost.

12. The annual expenses of lines B1 through B11 serve
to reduce the owner’s income tax liability based on
the income tax rate (ITR). The net cost of these
items is entered as

(B1 + B2 + B3 + B4 + B5 + B6 + B7 + B8 + B9 +
B10 + B11) X (1 = ITR)

13. Depreciation reduces the owner’s income tax lia-
bility. Assuming the asset is depreciated by the
same amount each year (straight-line deprecia-
tion), the annual depreciation amount is given by

_ initial cost from line A10
economic life of system

If the owner’s income tax rate (ITR) is expressed as a
decimal fraction, then the tax effect is 7 = D X ITR. This
should be entered as a negative dollar amount, since it is a
benefit or saving.

Section C

1. A present-worth comparison is done by finding
“time zero” equivalents of all future costs and
adding those to the initial costs of line A10, Equa-
tion 25-5 is used to convert the annual values in
B12 and B13 to their equivalents at time zero. Use
Equation 25-1 to convert the residual value (A13).

2. An annual-cost comparison requires that all one-
time costs (initial costs and residual values) be con-
verted to annual equivalents. These are then added
to the annual energy and maintenance costs. Use
Equation 25-6 to convert the initial cost of line A10
to its annual equivalent. The residual value (line
A13) is converted to an annual value using Equa-
tion 25-7.
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Energy Management

Energy management has become increasingly important
since the early 1970s, stimulated by the escalation of energy
costs, the depletion of certain energy sources, and the con-
cern for the protection of our environment. The responsible
use of energy has become a general public concern and con-
sequently has motivated development of new legislation,
codes, and standards designed to establish minimum levels
of energy efficiency. As a result, the way buildings are con-
structed, lighted, heated, and cooled is closely examined.
Criteria for new building design and for existing buildings
have been developed to ensure that energy resources are
used efficiently. This chapter provides an overview of light-
ing energy management, describes important influences on
lighting energy use, and provides references to other sec-
tions for more detail on specific lighting issues.

Electric lighting consumes a significant amount of en-
ergy. About 20 to 25% of all electricity used in buildings and
about 5% of total energy consumption in the United States is
used for lighting. Lighting also produces additional heat in
buildings, which is sometimes beneficial in cold climates
but generally represents a significant load on air condition-
ing systems. The heat from lighting typically accounts for
15 to 20% of a building’s cooling load.

Over the last decade, energy management has become a
fundamental element of mainstream lighting design. There
have been many significant factors contributing to this trend.
These factors include utility programs for promoting demand
side management (DSM), the development and promulga-
tion of energy codes and standards designed to minimize
building energy waste, and ongoing technological develop-
ment of lighting equipment to improve system efficacies and
utilization efficiencies. This chapter provides an overview of
current activity in all of these areas and shows how they re-
late to design and application issues.

LIGHTING SYSTEM DESIGN FOR
ENERGY EFFICIENCY

The key elements of lighting design for energy efficiency
are outlined schematically in Figure 26-1,

Lighting Needs

First and foremost, the lighting needs of a space must be de-
fined to optimize proper allocation and management of en-
ergy. Lighting needs may range from simple orientation to

26-1

complex visual tasks. Important considerations for pro-
longed visual tasks associated with work environments in-
clude adequate illuminance on the task surface, a proper bal-
ance of luminance between the task surface and surrounding
surfaces, control of direct and reflected glare, and accept-
able color rendering of task elements and surrounds. Other
considerations also apply, depending on the details of the
specific visual task being performed.

When the nature and location of visual tasks can be iden-
tified, it is usually possible to reduce surrounding ambient
illuminances and corresponding energy consumption by pro-
viding light more selectively where and when it is needed.
When specific tasks and their locations cannot be identified,
a more uniform pattern of ambient illumination is generally
provided, along with provisions for task lighting and local
control. In applications where there are no prolonged visual
tasks, lighting for emphasis, aesthetics, and safety are prime
considerations.

Lighting needs for specific applications can be found in
Chapter 10, Quality of the Visual Environment, and the relevant
application chapters. In addition, there are numerous IESNA
publications that provide guidance in identifying and ad-
dressing lighting needs."” The ASHRAF/IESNA Standard
90.1* and its compliance manual can be consulted for guide-
lines in determining lighting energy allocations for specific
applications.

Space Design and Utilization. Space design and utiliza-
tion characteristics are often determined before the lighting
system is considered. However, it is necessary to coordinate
the design of lighting and control systems with these charac-
teristics in order to maximize the energy efficiency poten-
tial. For larger interior spaces, surface reflectances should be
0.7 or higher. This increases the brightness within the space
and reduces the amount of electric lighting needed to pro-
duce a given illuminance. The design and utilization of a
space should also facilitate effective use of daylight.

Applications that involve similar visual tasks should be
grouped together when possible to optimize the energy used
for lighting. Using a base level of ambient illumination with
“layers” of task-specific luminaires provides an additional
degree of flexibility and economy by allowing luminaires to
be easily relocated when the design or function of a space
changes.

Occupancy schedules of a space should be planned to op-
timize the effectiveness of lighting controls. Traffic patterns
should be predetermined so that logical applications for oc-
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— Space design & utilization

— Daylighting

— Light sources
Lighting
needs Sy

F— Luminaires

— Lighting controls

“— Operation & maintenance

Figure 26-1. Key elements of lighting energy management.

cupancy sensors can be identified. This usually requires co-
ordination among members of the project design team.

Daylighting. Daylight can be an excellent source of ambient
illumination. The potential for daylight utilization should be
evaluated early in the design development of a space. Archi-
tectural features such as overhangs, light shelves, and win-
dow treatments may be incorporated into the design to en-
hance daylight utilization and control. For effective use of
daylight in energy management, the levels and hours of day-
light availability must be determined. Also, the manner in
which daylight is distributed in the space is important. Glare
from fenestration should be controlled to the same degree as
glare from luminaires (Figure 26-2). The best daylighting
designs maximize daylight penetration into the space while
minimizing the negative effects of direct sun.

The heat gain or loss through fenestration must be coor-
dinated with the building envelope and HVAC systems. The
use of exterior sun control devices and high-performance
heat-reflecting and insulating glass in windows should also
be considered to minimize solar heat gain in the summer and
heat loss in the winter without obstructing views of the exte-
rior. Daylighting reduces energy consumption primarily if
electric lighting can be reduced. The electric lighting design
should be coordinated with available daylight so that illumi-
nance and distribution are integrated. Automatic and manual
dimming controls should be considered for continuous ad-
justment of electric lighting levels to achieve maximum en-
ergy savings and occupant acceptance.*

Chapter 8, Daylighting, can provide useful information
on the availability of daylight, daylight control systems, and
design and evaluation methods. Recently published data
from manufacturers of fenestration materials and controls
should also be consulted.

Light Sources. Electric light sources should be selected to
maintain the highest efficacy while providing proper color
qualities, physical and optical size, and long-life operating
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Figure 26-2. Effective utilization of daylight is important.
Glare from fenestration should be controlled to the same de-
gree as glare from luminaires.

characteristics (e.g., warm-up time, restrike time, and dim-
ming). These attributes are related to decisions on luminaire
types, lighting controls, and the general operation and main-
tenance after installation.

The relative efficacy ranges of commonly used light sources,
including ballast losses, are shown in Figure 26-3. Within a
lamp type, the higher-wattage sources are generally more ef-
ficacious than the lower-wattage sources. High-pressure
sodium, metal halide, and fluorescent lamps are the most ef-
ficient white light sources; mercury vapor and standard in-
candescent lamps are the least efficacious. Except for incan-
descent lamps, including halogen lamps, light sources
require a specific ballast. Ballast efficiencies vary and can
have a large effect on the total lighting system efficacy. Also,
fluorescent lamp electronic ballasts are more efficient than
magnetic ballasts and generally improve lighting quality by
reducing lamp flicker and ballast hum.

There are other key issues that must be considered when
selecting a ballast. One of these is ballast factor, which rep-
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B standard incandescent
I Tungsten halogen

Il Halogen infrared reflecting

I Mercury vapor

I Compact fluorescent (526 watts)
I Compact fluorescent (2740 watts)
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I Compact metal halide
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Lumens/watt
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Figure 26-3. Light source efficacies.

resents the percentage of rated lamp lumens that is produced
by a ballast relative to those produced by a reference ballast.
Low-output ballasts have a low ballast factor and require
proportionally lower power. A method for comparing the ef-
ficacy of lamp/ballast systems on a normalized basis is the
calculation of Ballast Efficacy Factor (BEF). BEF is defined
as ballast factor (BF) in percent, divided by the total ballast
input power in watts.’

BF X 100

B = Gallast Taput walls

A higher BEF value indicates a more efficacious lamp-
ballast system. Since BEF is a comparative expression for a
given lamp-ballast combination, only two-lamp ballast sys-
tems should be compared with each other, three-lamp ballast
systems with each other, and so on. See the section “Equip-

T T T T T T T T T T T
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ment Regulations” later in this chapter for U.S. regulation of
BEF. Also, see Chapter 6, Light Sources, for more informa-
tion about ballasts.

Chapter 6, Light Sources, provides detailed information
pertaining to the operation and performance of various lamp
types. Lamp manufacturers’ published data provide specific
information relative to lumen output, efficacy, life expectancy,
lumen maintenance, and costs.

Luminaires. A luminaire is an assembly of individual com-
ponents including lamps, ballasts, sockets, wiring, and opti-
cal media such as reflectors, louvers, and lenses. The effi-
ciency of the luminaire is affected by the performance of
these individual components. Typically, luminaire configu-
rations are constructed to perform specific functions for spe-
cific applications (Figure 26-4). Application constraints
such as ambient temperature, color requirements, accessibil-

Figure 26-4. The performance of luminaires is a function of source efficacy, geometry (downlight vs. linear luminaire), the opti-
cal system for controling distribution and shielding, and the ability of the luminaire to manage and dissipate heat created by com-
ponents.
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ity, and glare control needs may require the use of certain
components or preclude the use of others. The efficiency of
a luminaire must be evaluated relative to specific application
criteria.

In spaces that contain important visual tasks, a primary
objective of the lighting system is to illuminate the task ef-
fectively. In addition, the system must effectively illuminate
the ambient space to balance luminances and create a com-
fortable visual environment. The system that provides task
illuminance may be independent of the system that provides
ambient illuminance, or else the same system may provide
both (Figure 26-5). In either case, it is important that the lu-
minaires perform their functions efficiently and that the de-
signer understand their optical performance and impact on
the overall environment.

Luminaires that can be cleaned easily and those with low
dirt accumulation maintain greater efficiency and reduce
maintenance costs over system life. When possible, lumi-
naires with heat-transfer capabilities should be considered
for interior applications so that heat generated by the lighting
system can be effectively utilized or removed from a space
and coordinated with the overall building HVAC design.

Data from luminaire manufacturers are useful for deter-
mining how efficiently luminaires meet lighting needs. The
efficiency of a luminaire is the percentage of lamp lumens
produced that actually exits the luminaire. Efficiency does
not provide any indication of lighting quality and should not
be the determining factor in luminaire selection. Chapter 7,
Luminaires, should be consulted for further information
about luminaires.

Figure 26-5. An ambient lighting system that also provides
wall and task lighting.
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Lighting Controls. The most efficient luminaires and light
sources can be utilized even more effectively by integrating
them with lighting controls that make the lighting more re-
sponsive to changing requirements. Lighting control strate-
gies should be implemented either centrally, over an entire
building, or locally, in individual areas. Various combina-
tions of these two levels of control are also common.

Central lighting control systems allow for lighting load
scheduling to reduce peak demand as well as provide the
ability to monitor and control total energy use. Central light-
ing control systems can be interfaced with overall building
management systems (BMS). Most energy codes require
that a discrete space be provided with some means of con-
trolling the lighting within that space (Figure 26-6).

A building also can be divided into areas that have differ-
ent lighting needs and require different control strategies.
For example, perimeter zones consisting mainly of private
offices should be differentiated from core zones utilizing an
open-plan landscape. Private offices are good candidates for
manual and automatic lighting control because they have
unpredictable occupancy schedules, they are typically low-
traffic areas requiring task-level illumination only when occu-
pied, and they often utilize a significant daylight contribution.’

Lighting control strategies are closely related to space
utilization. It is essential to understand and coordinate space
utilization in order to optimize the effectiveness of lighting
controls for energy management (refer to the section “Space
Design and Utilization™ above). Lighting controls must elim-
inate or reduce lighting during off hours. The system must be
flexible so that luminaires are used only where and when the
relatively few people working late at night or on weekends
are present. Off-hours operation should not defeat shut-off
controls and thereby allow lighting to operate all night or all
weekend.

Chapter 27, Lighting Controls, should be consulted for a
more detailed discussion of lighting controls. Information

Figure 26-6. An example of a central lighting control system
based on programmable time-of-day operation of relays and
low-voltage switching.
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from manufacturers should also be consulted for perfor-
mance data and application assistance on various control
technologies.

Operation and Maintenance. All lighting systems require
maintenance after installation. A planned maintenance pro-
gram augments the ability of a lighting system to meet de-
sign objectives effectively and efficiently throughout its life.
Scheduled maintenance should include procedures for
lamps, ballasts, luminaires, controls, fenestration, and room
surfaces. Group relamping and a regular cleaning program
are recommended for maximum maintained efficiency.

A planned systematic maintenance schedule saves energy
and operating costs over time. If the commitment to imple-
ment scheduled maintenance is made in the initial stage of
design, a significant capital cost saving is also possible be-
cause less equipment is required. Refer to Chapter 28, Light-
ing Maintenance, for a more detailed discussion relative to
efficient operation and maintenance of lighting systems.

ENERGY EFFICIENCY FOR EXISTING
BUILDINGS

Existing buildings should comply with the same lighting en-
ergy recommendations as new buildings. Improved energy
utilization options include modifying or replacing lighting
systems, using reduced-wattage sources in spaces that pro-
vide higher illuminance than currently recommended, and
modifying the operating hours of the lighting equipment.

Specifying lighting system changes for existing spaces
can be more accurate than it is for new construction because
the space and its use can be surveyed. An existing building is
evaluated from the standpoint of power and energy by two
methods: a building survey and the determination of the
lighting power allowances.

Building Survey

A building’s lighting systems can be assessed to determine
the existing lighting condition, current lighting needs, the
connected electrical load, hours of operation, and the con-
trols system. The electrical load, including lamp watts, bal-
last watts, and losses (including those introduced by dimming
devices), should be documented. The power for portable and
supplementary lighting devices should be included in the to-
tal. Factors related to occupancy, daylighting, and controls
should be included. Specific information on surface finishes
and reflectances should also be recorded. Sampling proce-
dures can be used to avoid measuring every feature of the
space.

Lighting Power Allowance Determination

Local energy codes and ASHRAE/IESNA 90.1-1999 pro-
vide the total lighting power allowance (TLPA), which con-

sists of exterior lighting power allowance (ELPA) and inte-
rior lighting power allowance (ILPA), as wel] as procedures
for calculating them and control requirements for interior
and exterior illumination systems.*

The actual current energy use for the facility is determined
and compared with the energy limit. The difference is the
energy saving from the retrofits. The resulting revised en-
ergy use estimate can be compared with the recommended
energy limit. If it exceeds the limit, the lighting ‘systems
should be reevaluated. Spaces or strategies that are ineffi-
cient should be identified and modified to reduce the esti-
mated energy below the calculated limit. Reference 8 con-
tains the full procedure and energy management forms to
estimate and evaluate lighting energy use for buildings.

LIGHTING EFFICIENCY STANDARDS,
REGULATIONS, CODES

Lighting efficiency standards are designed to establish max-
imum energy levels for a building. The overall goal is to
minimize energy consumed by a lighting system without
compromising the quality of the lighting design. Generally,
one of two approaches is taken: setting minimum efficiency
for specific components or limiting the available power for
lighting. The latter approach is commonly known as an ap-
plication standard, whereas the former is known as equip-
ment regulations. Over the last decade, both application
standards and equipment regulations have been enacted into
building energy codes by federal, state, and provincial gov-
ernments in North America. Both of these approaches ad-
dress lighting power, but it should be remembered that en-
ergy savings (kilowatt-hours) can be achieved by reducing
the connected load power for the lighting system or the time
the lighting system is operated.

Applications Standards/Codes

Lighting application standards can encourage good lighting
principles and do not prescribe the use of specific technolo-
gies, because inexpensive equipment is not necessarily the
most energy efficient or cost effective. Life-cycle cost mod-
els are very effective for justifying the economic merits of
increased equipment efficiency (see Chapter 25, Lighting
Economics).

Current ASHRAE/IESNA Standards. The industry
benchmark of energy application standards for buildings is
the ASHRAE/IESNA series. As a combined effort of the II-
luminating Engineering Society of North America (IESNA)
and the American Society of Heating, Refrigeration, and
Air-Conditioning Engineers (ASHRAE), the first building
energy standard was published in 1975. This standard, 90.1:
“Energy Conservation in New Building Design,” was devel-
oped as a national voluntary consensus standard. The 1980
version of this standard was approved as an ANSI standard.
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During the 1980s, many states and provinces in North
America enacted regulations based directly or indirectly on
this standard. The standard has been updated three times;
the current version is ASHRAE/IESNA 90.1-1999 Energy
Standard for Buildings Except Low-Rise Residential Build-
ings.*

The purposes of the standard are to:

* Set minimum requirements for the energy-efficient
design of new buildings so that they may be con-
structed, operated, and maintained in a manner that
minimizes the use of energy without constraining
the building function or the comfort or productivity
of the occupants.

» Provide criteria for energy-efficient design and
methods for determining compliance with these cri-
teria.

= Provide sound guidance for energy-efficient design.

The organization of ASHRAE/IESNA 90.1-1999 is shown
in Figure 26-7. All buildings must meet the basic require-
ments. The basic requirements with respect to lighting, rela-
tive to the above purposes, include minimum criteria for
lighting controls, power allowance for internal building
lighting, and power allowance for external building lighting.
For internal building power allowances, Standard 90.1 offers
a choice of three different methods for determining compli-
ance: energy cost budget, prescriptive path for a building

(Building-Area Method) or prescriptive path for spaces in a
building (Space-by-Space Method).

The energy cost budget approach is the most encompass-
ing and complex method of assessing compliance. A whole-
building energy model must be used to predict energy use. It
allows the designer to trade off lighting energy with other
energy systems (e.g., the HVAC system). Although the
method is flexible, it requires sophisticated analysis tools
and is time consuming.

The Building Area Method addresses the need for a quick
and simple process for calculating the prescriptive interior
lighting power allowance (ILPA) for whole building types.
This method does not address unique project requirements
and is intended primarily for generic building types, core
and shell buildings, or during the preliminary design phase.
The ILPA is calculated by selecting the lighting power den-
sity from a table in the standard, multiplied by the gross
lighted floor area (square feet or square meters) of the build-
ing. The actual design is measured against the value deter-
mined with this method.

The Space-by-Space Method provides a more accurate
and detailed calculation procedure to determine the ILPA
than the prescriptive method. The ILPA is calculated room
by room and is task specific. Lighting power densities for
each space are listed in a table in the standard. The ILPA for
the building is the sum of lighting power allowances of all
spaces. Similarly, the exterior lighting power allowance is

ASHRAE/IESNA
Standard 90.1-1999
Applies to

= New buildings

* Additions/major
alterations to
existing buildings

Mandatory Provisions:

* Building envelope

* HVAC

« Water heating
* Electric power

» Lighting

* Electric motors

Prescriptive Requirements:

For each building
system there are
several compliance
paths.

Figure 26-7. The structure of ASHRAE / IES Standard 90.1-1999.
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the sum of lighting power allowances for all applicable exte-
rior applications permitted.

While ASHRAE/IESNA 90.1-1999* applies to new
buildings, ASHRAE/IESNA Standard 100° applies to exist-
ing buildings. It provides requirements for retrofit lighting
modifications. In general, the required changes can be done
easily by maintenance personnel. When major renovations
are made to existing buildings, for example, when the entire
lighting system is replaced, it is recommended that the de-
signer meet the requirements for new construction even
though compliance may not be required.

Compliance with Standard 90.1-1999* or Standard 100°
does not ensure good lighting. The purpose of these stan-
dards is to set limits on the amount of power that can be used
for lighting. While it is the consensus of experts that good
lighting can be achieved within the limits set by Standard
90.1, it is the responsibility of the designer to achieve it.

U.S. State Energy Codes. State legislation governing
lighting energy consumption varies from state to state. The
federal Energy Policy Act of 1992 (EPACT),” requires all
states to adopt a building energy code that meets or exceeds
the requirements of ASHRAE/IES 90.1-1989. The Model
Energy Code (MEC)" contains a codified version of Stan-
dard 90.1-1989 and is used by many states to meet the
EPACT requirement. The MEC has been developed by the
Council of American Building Officials (CABO) with par-
ticipation of other building code officials.

Canadian Application Standards/Codes. The Canadian
Standing Committee on Energy Conservation in Buildings
(a subcommittee of the Canadian Commission on Buildings
and Fire Codes) is in the process of developing a National
Energy Code for commercial buildings and for homes. Once
finalized, the regulation of buildings in Canada will be the
responsibility of provincial and territorial governments.
Provinces will have the option of adopting all or part of the
National Energy Code.

Mexican Energy Codes. Mexico has no formal energy
standards or code requirements at the state or federal level,

Equipment Regulations

In both the United States and Canada, the government has
been playing an increasing role in regulating the conserva-
tion of lighting energy through standards on lighting compo-
nents. The primary institutions responsible for national stan-
dards are the U.S. Department of Energy (DOE) and Natural
Resources Canada (NRC). Harmonization of standards is
necessary so that (1) lower efficiency products are not
dumped from a country with regulations to one without, (2)
manufacturers can design products according to one standard
instead of several, and (3) the regulatory burden is decreased.

U.S. Regulations. Two laws specifically mandate the use of
efficient lighting components: the National Appliance En-
ergy Conservation Amendments of 1988 (NAECA)" and the

Energy Policy Act of 1992 (EPACT)." NAECA regulates
the sale of inefficient ballasts for fluorescent lamps. Ballasts
sold for use in commercial or industrial lighting installations
were required to meet or exceed minimum BEF values, dis-
cussed earlier in this chapter.

The impact of this regulation was that common magnetic
ballasts did not comply, but more energy-efficient magnetic
ballasts and efficient electronic ballast did. The law ex-
empted dimming ballasts and those for use at ambient tem-
peratures of —18°C (0°F) or less, and ballasts with low
power factor (less than 0.90) for residential use. Ballasts that
meet the efficiency criteria are identified by a circle E sym-
bol on the label (Figure 26-8).

EPACT mandated energy-efficiency standards for com-
mon lamps used in the United States. Minimum efficacy
standards were developed for popular lamp types within the
categories of incandescent R and PAR and linear fluorescent
lamps (see Figures 26-9, 26-10, and 26-11 and Chapter 6,
Light Sources). These standards were phased in during 1994
and 1995. The impact was that halogen PAR lamps com-
plied, whereas the standard and reduced-wattage PAR lamps
and many R lamps did not. For 4-foot and 2-foot U-tube, 8-
foot slimline, and 8-foot high-output fluorescent lamps, the

®

Figure 26-8. “Circle E” symbol that appears on fluorescent
lamps and ballasts.

Indicates ballast complies with National Energy
Conservation Amendments (NAECA) of 1988 to
Energy Policy and Conservation Act (EPCA) of 1987

Figure 26-9. U.S. Minimum Allowable Ballast

Efficacy Factors
Ballast-Lamp System Nominal Ballast
Lamp Watts Efficacy Factor
1 F40T12 40 1.805
2 F40T12 80 1.06/1.05
2 F96T12 150 0.570
2 F96T12HO 220 0.390

Note: BEFs apply to ballast designed for an input of 120 V or 277 V. For 2-
lamp F40T12, the two BEFs listed are for 120/277 V.

Figure 26-10. U.S. EPACT Incandescent Reflector

Lamp Standard Levels
National Lamp Wattage Minimum Average Lamp Efficacy
(lumens/Watt)
40-50 10.5
51-66 11.0
67-85 12.5
86-115 14.0
116-155 14.5
156-205 15.0

0587



26-8

ENERGY MANAGEMENT

Figure 26-11. U.S. EPACT Fluorescent Lamp Standard Levels

Nominal Minimum Average

Lamp Minimum Lamp Efficacy

Lamp Type Wattage CRI (lumens/Watt)
4-foot medium >35W 69 75.0

bi-pin

3BW 45 75.0
2-foot U-shaped >35W 69 68.0
3B/BW 45 64.0
8-foot slimline 65 W 69 80.0
65 W 45 80.0
8-foot high output =100 W 69 80.0
100W 45 80.0

standard established minimum requirements for both effi-
cacy and color rendering index (CRI). Effectively, reduced-
wattage T-12 halophosphor fluorescent lamps complied, as
did T-8 and T-12 fluorescent lamps coated with rare earth
phosphors. Common fluorescent lamps with halophosphor
coatings did not comply. EPACT also called for test proce-
dures, standards, and labels for HID lamps where standards
are technically feasible and economically justified and offer
significant energy savings potential.

EPACT prescribed an energy-efficiency labeling program
for common general-service incandescent and fluorescent
lamps, incandescent reflector lamps, and medium-base self-
ballasted screw-in compact fluorescent lamps sold or im-
ported in the United States. This program was designed by
the Federal Trade Commission (FTC) and took effect in
1995. The FTC lamp labeling procedure for incandescent
and compact fluorescent lamps required that lamp packages
display lumen output, lamp wattage, rated lamp life, and de-
sign voltage (if other than 120 V). Full-size fluorescent
lamps are not required to have package labels. Instead, the
circle E symbol must be etched on the lamp itself, indicating
that the lamp meets the EPACT lamp efficacy requirements
described above (Figure 26-8).

EPACT called for a voluntary national testing and infor-
mation program for widely used luminaires that offer poten-
tial for significant energy savings. The program was de-
signed by the National Lighting Collaborative, composed
of NEMA (National Electrical Manufacturers Association),
the American Lighting Association (ALA), and other inter-
ested organizations representing lighting designers, energy-
efficiency advocates, research, government, and electric
utilities.

The luminaire program was based on a rating methodol-
ogy, developed as NEMA Standard LE-5, called the Lumi-
naire Efficacy Rating (LER).” LER is defined as the ratio of
the total luminaire lumens (incorporating ballast factor and
thermal effects) to the system input wattage. It includes the
efficiency impact of each system component: fixture, lamp,
and ballast. LER is expressed by the following formula:
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LER =
total rated lamp lumens X ballast factor X luminaire efficiency
luminaire input watts

The fluorescent lamp luminaire program covers eleven
categories of commonly used luminaires representing a large
majority of the fluorescent lamp luminaire market. For each
luminaire, the LER rating is reported along with a code for
its luminaire category so that products can be compared
fairly within categories (rather than between categories). The
rating is designed with a placeholder for the addition of an as
yet-undeveloped quality metric to indicate lighting quality.
The estimated annual lighting energy cost per 1000 lumens
of light output, assuming 3000 operating hours per year and
$0.08 (U.S.) per kWh electricity cost, is also reported.

Canadian Standards. Natural Resources Canada has regu-
latory powers under the Energy Efficiency Act of 1993." The
first Energy Efficiency Regulations were published in 1994.
NRC works with the Canadian Standards Association (CSA),
which develops consensus standards for various products.
National standards apply to products imported into Canada
or shipped between provinces. The provinces may adopt
these standards for products sold within their borders. Fed-
eral standards do not take precedence over provincial stan-
dards, in contrast with the United States, where federal stan-
dards preempt state standards on a specific product.

The first lighting product included in the Energy Effi-
ciency Regulations was fluorescent lamp ballasts. As of
1995, ballasts must meet the minimum ballast efficacy fac-
tors specified in the CSA standard.” These standards are
similar to those listed above for the United States, with the
exceptions that F32T8 lamp ballasts are also regulated and
that there are standards for ballasts with an input of 347
volts as well as 120 and 277 volts (Figure 26-12).

Canadian lamp regulations are the same as the U.S.
EPACT standards for incandescent reflector and linear fluo-
rescent lamps. These standards took effect in 1996.

There are no lamp labeling requirements in Canada simi-
lar to those in the EPACT legislation. However, regulated
lighting products must carry a verification mark indicating
that the energy performance of the product has been verified.

Figure 26-12. Canadian Minimum Allowable Ballast

Efficacy Factors
Ballast-Lamp Nominal Lamp Watts Ballast Efficacy Factor
System
1 F40T12 40 1.805/1.8056/1.750
2 F40T12 80 1.060/1.050/1.020
2 F96T12 150 0.570/0.570/0.560
2 F96T12HO 220 0.390/0.390/0.380
2 F32T8 64 1.250/1.250/1.200
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The provinces Ontario, British Columbia, Quebec, Nova
Scotia, and New Brunswick have standards similar to the fed-
eral regulations for fluorescent lamp ballasts. Ontario and
British Columbia have also implemented standards for incan-
descent reflector lamps and are looking at adopting the stan-
dards for fluorescent lamps. In addition, Ontario and British
Columbia have regulated compact fluorescent lamps and co-
bra-head HID luminaires based on recently published CSA
standards for compact fluorescent lamps and roadway lighting.

Nonregulatory Government Programs

Government agencies also promote energy efficiency and
energy conservation through voluntary programs. The Green
Lights Program and Energy Star Building Program are ad-
ministered by the U.S. Environmental Protection Agency
(EPA). These programs are voluntary initiatives designed to
reduce building energy load on a national scale.

The objective of the Green Lights Program is to mini-
mize pollution associated with the generation of energy re-
quired to operate new and existing lighting systems. Large
and small companies and institutions have committed to sur-
vey lighting systems in their facilities and convert to energy-
efficient lighting when economically viable. For new instal-
lations, the recommendations of ASHRAE/IESNA Standard
90.1-1999* are to be followed.

The ENERGY STAR Program is a more comprehensive
building initiative that encourages use of energy-efficient
technologies for all major building systems, including light-
ing. A partnership agreement is signed between a luminaire
manufacturer and EPA and the U.S. Department of Energy
(DOE). EPA and DOE work with the luminaire manufacturer
to promote superior products that qualify for the EPA/
DOE ENERGY STAR label. Products that carry the ENERGY
STAR label meet energy efficiency and quality criteria to as-
sure that consumers do not sacrifice performance to save en-
ergy. The Lighting Research Center (LRC) in Troy, New York,
helps EPA and DOE promote the ENERGY STAR Program by
encouraging manufacturers to participate in the program; by
testing energy-efficient products and drafting performance
specification for labeling programs, specifiers, and procure-
ment groups; and by disseminating information through pub-
lications such as Specifier Reports and Lighting Futures.
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Lighting Controls

The lighting controls covered in this chapter are electronic
controls for electric lighting. Generally light sources are
equipped with these controls for one of two reasons: for aes-
thetic control, which matches lighting intensity to the appli-
cation and therefore controls the quality of the visual envi-
ronment, or for energy management control, which limits
the application of light to times when there is a demand and
therefore reduces unnecessary lighting energy.

Proper use of these controls can assist with compliance
with ASHRAE/IESNA 90.1 and the Canadian national en-
ergy code guidelines, reduce building operating costs, and
significantly benefit the environment. It is incumbent on the
engineer and lighting designer to be aware of the wide vari-
ety of electronic lighting controls available and to correctly
apply them to the project at hand. As in all technology-dri-
ven areas, investigation of the current state of the art must be
completed periodically in order to stay current in the field.

In the past, controls were used primarily to turn lights on
or off, or for special purposes such as stage, theater, and
conference room lighting. More recently the use of controls
has become an essential element of good lighting design and
an integral part of energy management programs for lighting
of commercial, residential, industrial, and exterior areas.
Lighting controls for specific applications are described in
the various application chapters of this Handbook.

A variety of strategies and techniques has been developed
to control a building’s power demand, energy consumption,
lighting equipment, and working environment. Some equip-
ment is best suited for new construction and renovation,
whereas other equipment is better suited for retrofit. This
section describes different types of lighting control strate-
gies, techniques, and equipment and their effects on building
systems and occupants.

Studies of buildings that have implemented control
strategies have shown that it is possible to reduce overall
lighting energy consumption by as much as 80% in some lo-
calities.'? Cumulative savings are dependent on the building
configuration, the control hardware specified, the combina-
tion of control strategies selected, and the extent to which
each of the control strategies is available for use within a
building.

LIGHTING CONTROL STRATEGIES

There are three major objectives for the use of lighting con-
trols: energy management, aesthetics, and code compliance

27-1

measures. Energy management controls for lighting systems
provide energy and cost savings through reduced power or
reduced time of use. Aesthetic controls provide the ability to
change space functions and can create emotional appeal, of-
fering control of lighting quality, mood, color, and attitude.
These benefits are not necessarily in conflict. Energy man-
agement control strategies can significantly improve the
quality of a space, and controls installed primarily for aes-
thetic purposes can produce significant energy savings.
Here, however, the two benefits are discussed separately.
Power density credits are often given for control systems,
enabling additional lighting to be used in a space, or to re-
duce overall energy consumption to meet code objectives.

Energy Management Strategies®*

Predictable Scheduling. Where activities in a building oc-
cur routinely during the day, luminaires throughout the
space can be operated on a fixed schedule (with overrides in
case there are variations in the schedule). For example, staff
arrival and departure times, lunch periods, and cleaning
hours are predictable for weekdays, weekends, and holidays
in many manufacturing plants, offices, schools, libraries,
and retail stores.

Predictable scheduling strategies are particularly effec-
tive when work schedules are well defined for the entire
area. Such strategies can reduce energy by as much as 40%
by eliminating energy waste caused by lights operating in
unoccupied spaces. Automatic scheduling also relieves staff
of the burden of operating lighting controls and can be used
to signal times of particular activities, such as the opening
and closing of retail stores. It is unacceptable, however, to
plunge occupants into darkness when scheduling the opera-
tion of the lighting system, so some prevision for overriding
the schedule should be provided.

Unpredictable Scheduling. Many events are unpredictable
and unscheduled, such as workstation vacancies due to sick-
ness, vacations, staff meetings, and business trips. Unas-
signed areas such as restrooms, copy centers, filing areas,
conference rooms, break rooms, and retail store dressing
rooms are used sporadically and are not readily scheduled.
Though these areas may not be amenable to tightly sched-
uled lighting operation, local automatic control techniques
can be more cost-effective than the usual reliance on manual
operation of lights. Unpredictable scheduling strategies us-
ing occupancy/motion sensors have yielded energy savings
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of over 60% in some areas. To assess the benefits of auto-
matic controls, it is important first to determine the propor-
tion of time the space is vacant. It is also important to con-
sider that switching lights on and off can disturb occupants
of adjacent spaces, as in an open-plan office. For reasons of
aesthetics, safety, and user acceptance, lights in these spaces
can be dimmed rather than switched off completely. Today
occupancy sensors are being used to control lighting,
HVAC, and office equipment (e.g., computer monitors) in
offices, warehouses, library stacks, and many other areas.

Daylighting.>® In the perimeter areas of buildings, part of
the desired illumination can often be supplied by daylight
(see Figure 27-1 and Chapter 8, Daylighting). In these areas,
reducing the power for electric lighting in response to the
amount of available daylight reduces energy consumption.

Both dimming and switching strategies can be used. For
successful application of daylight-based switching, high lev-
els of daylight must be present so that sufficient illumination
for the task remains after the electric lighting has been low-
ered (Figure 27-2).

The energy savings realized from daylighting depends on
many factors, such as the climatic conditions; the building
form, orientation, and design; the sensor and control design
and installation; and the activities within the building. Under
some conditions, daylight can reduce electric energy costs
significantly when photoelectric sensor controls are used.
This is particularly important during peak power demand
hours when the cost of electric energy can be much higher
than during off-peak hours. It is essential that control of the
electric lighting be properly integrated with the daylight il-
lumination pattern to maintain adequate quantity and quality
of lighting.

With respect to photosensor controls, the size and shape
of control zones are usually constrained by the rapid falloff
of horizontal illuminance from the window wall. Although
lighting zones can be laid out to cover a single task area, a
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room, or an entire building, in practice the lighting zones
should be close to the daylight-admitting elements. For typ-
ical spaces illuminated by daylight from a side window, the
lighting zones should be adjacent to the window wall and no
more than 4 m (13 ft) deep. The row of luminaires nearest
the window should be controlled on a separate circuit from
those in the interior area. Occupancy sensors manufactured
today can have daylight sensing as a feature. If manually op-
erated window shading devices are used, smaller control
zones may be required for daylighting to be effective.

Brightness Balance. Lighting design often dictates limits
to the brightness within or among spaces. (See Chapter 3,
Vision and Perception, and Chapter 10, Quality of the Visual
Environment). One design goal is to balance different
brightness levels so that glare and shadows are reduced. For
example, lighting controls can be used to mitigate the very
high brightness produced by windows in interior spaces.
One control technique is to limit light entering the space
with blinds or louvers. Another possibly counterintuitive ap-
proach for interior spaces is to increase the illuminance pro-
duced by the electric lights. Often controls can be used to
provide a luminous transition between two spaces having
very different brightness levels. Perhaps the most common
example is tunnel lighting (see Chapter 22, Roadway Light-
ing). The illuminance produced by the electric lights in the
entry zone of the tunnel depends on the level of daylight il-
luminance; higher illuminances are produced by the electric
lights in this zone on sunny days than on cloudy days.

Lumen Maintenance. Lighting systems are usually de-
signed for a minimum maintained illuminance level. This
requires the level of a new lighting system to exceed the de-
sign minimum by 20 to 35% to allow for lumen deprecia-
tion, specifically lamp lumen depreciation, luminaire dirt
depreciation, and room surface dirt depreciation (see Chap-
ter 9, Lighting Calculations and Chapter 26, Energy Man-

= Daylight
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Figure 27-1. Photocell-activated dimmers maintain a constant light level by adjusting the output of electric illumination according

to changing ambient illuminance.
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Figure 27-2. lllustration showing the rapid drop-off of illuminance from the window wall. In this space, daylight must be supple-
mented by electric lighting as the distance from the window wall increases.

agement). Lumen depreciation control strategy calls for
reducing the initial illumination of a new system to the de-
signed minimum level. As lumen depreciation occurs, more
power is applied to the lamps in order to maintain constant
output. Thus, full power is applied only near the end of the
lumen maintenance period, significantly reducing energy
use over the life of the lamp (Figure 27-3).?

Actual
light
Wasted g level Wasted
light light
Al t
m:un \-)
light - i i
g Desired light level Clean
fixture
and
relamp
] 1
1 year 2 years 3 years
a

« Full power

Energy
saved

Amount
of power
power used
used
1 1
b 1 year 2 years 3 years

Figure 27-3. Lumen maintenance control strategy. (a) Light
levels drop over time with conventional lighting systems, but
power remains constant; (b) with a lumen maintenance sys-
tem light levels stay constant, and energy is saved.

Lumen maintenance can be accomplished through the
use of a dimming system with photosensor input. The con-
trol system for lumen maintenance is most cost-effective
when large blocks of luminaires are controlled together.
Group relamping to maintain all of the lamps at virtually the
same lumen output is required for the system to be effective
in reducing both energy and maintenance costs.

Task Tuning. Uniform illuminances are often provided
throughout a space. With a task-tuning control strategy,
however, the lighting system can be adjusted, or tuned, to
provide local illumination as needed. Levels can be lowered
in areas such as aisles and reception rooms and raised in
areas where more difficult visual tasks occur. Considerable
savings are possible through task tuning.” This strategy re-
sults in the efficient use of energy for lighting without sacri-
ficing occupant visual performance.

Tuning is accomplished by varying the light output of in-
dividual or small groups of luminaires. Since it is necessary
to tune the lighting only occasionally, upon a change in the
space utilization or in the task being performed, the adjust-
ment often can be done manually. Light controllers are capa-
ble of tuning a zone of luminaires.

Load Shedding and Demand Reduction. A building’s
lighting electrical bill can be effectively reduced by control-
ling lighting power demand for short periods of time. Selec-
tive reduction of illuminance in less critical areas can be par-
ticularly effective in regions where the peak electric power
demand occurs in summer, because a reduction in lighting
load also reduces the cooling load. Peak power demand charges
are employed by many utilities to help avoid brownouts and
blackouts, so the savings at peak periods can be substantial.

Aesthetic Control Strategies. Many spaces in commer-
cial, institutional, and residential applications are used for
more than one purpose. Different tasks require a variety of
lighting conditions. Aesthetic controls provide the means to
adjust the lighting to suit the purpose, to maintain human vi-
sual performance, and to change the mood of the space.

0592



27-4

LIGHTING CONTROLS

Aesthetic controls include switching and dimming. Dim-
ming controls can provide dynamic effects or create strong
focal points. Changes can occur rapidly to create excite-
ment, or subtly to create a smooth transition between differ-
ent room functions.

For many aesthetic applications it is necessary to control
illuminance over a wide range. In a conference room, for ex-
ample, a high illuminance would be required for reading
tasks, whereas for a slide presentation the illuminance
should be one-tenth or less of the reading level. The differ-
ences in needed illuminance are due to the differences in the
task visibility and the adaptation of the eye to changes in il-
luminance. The square law curve for adaptation used by
most controls manufacturers is shown in Figure 27-4. The
curve shows, for example, that a measured illuminance of
25% of the original illuminance is perceived as a brightness
of 50% of the original level. Audiovisual applications for
controls generally require a measured illuminance of less
than 10%, depending on the room reflectances, the screen
employed, and the degree of note-taking required.

It is important to use a light source that can be appropri-
ately dimmed. Incandescent and low-voltage incandescent
sources can dim to zero output. Fluorescent sources can be
dimmed to 1% output when used with certain dimming bal-
lasts. Neon and cold cathode lamps can be dimmed to ap-
proximately 10% of maximum light output. HID sources
can be dimmed to approximately 20% of maximum light

output, but they have a slow response time and strong color
shifts, which make them poorly suited for aesthetic applica-
tions.

The strategies used for aesthetic control include manual
controls, preset control systems, and central control sys-
tems. Manual controls (switches and dimmers) are com-
monly used in commercial, institutional, industrial, and
residential buildings. If they are to be effective, manual con-
trols should be simple and convenient to use. The number of
control channels should be minimized to avoid confusing
choices. Control panels should be clearly and permanently
labeled (Figure 27-5). The appearance of the controls is also
important. Switches and dimmers should match each other
and fit into the overall architectural style of the space.

Preset control systems allow for several lighting channels
to be controlled simultaneously. All channels are pro-
grammed to provide multiple moods or scenes. Each of
these scenes can be recalled with the touch of one button
(Figure 27-6). Preset systems are valuable in multifunction
commercial spaces such as conference rooms and ball-
rooms. They are also used in residential applications for
areas such as living rooms, dining rooms, and media rooms.

Central dimming systems are the most powerful of the
group of dimming options. Like theatrical dimming sys-
tems, they have at least one central dimming panel with dim-
mers suitable for the type of load. The dimmers themselves
are the power-handling devices. The control-function logic
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Figure 27-4. Square Law Curve—A presumed relationship between perceived illuminance and measured illuminance.
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Figure 27-5. Switches and dimmers, clearly labeled for easy
use.

is typically in the control stations, which can include proces-
sors and several forms of manual or preset controls.

Local, single-room systems typically consist of one con-
trol station with manual sliders or nondimming switches that
can control large amounts of power. The dimmable wattage
is limited only by the number of modules a dimmer panel
can hold. These systems are easily expanded to multiple
rooms and customized to offer many combinations of man-
ual, preset, assigned, and time-clock control. They can in-
corporate energy reduction controls such as occupancy/mo-
tion sensors and photosensors and can handle emergency
power functions. Some systems allow wireless remote con-
trol and can interface to audiovisual and other systems in
both commercial and residential applications.

In divisible rooms, assignment control stations allow sev-
eral independent lighting systems to be joined together
through flexible master control. Hotel function rooms and
convention center meeting rooms are the most common ap-
plications.

Whole-house systems are being used more frequently.
Using local or small modular dimmers, a central computer,
and master control stations, these systems can control every
lighting feature. Many of these systems can also operate
other electrical systems such as motorized curtains or whirl-
pool pumps, and they interface easily with burglar alarms,
smart home systems, and other electrical control systems.

Figure 27-6. Example of multichannel preset station that
provides four scenes of control for twelve channels of light-

ing.

LIGHTING CONTROL TECHNIQUES?3

Selection of the major control techniques is particularly im-
portant in the specification process. The following three cat-
egories establish the major choices: switching or dimming
control, local or central control, and degree of control au-
tomation. After the strategies are decided, it is necessary to
select the specific lighting control equipment to be em-
ployed.

Switching or Dimming

With switching control, lighting loads are switched on and
off. This switching can be done manually with simple wall-
box switches, remotely via relays or switchable circuit
breakers, by a control system, or by occupancy sensors. It
has been found that where the use of local switching con-
trols can save energy, convenient switches might be used,
but inconvenient switches are never used. Two-level switch-
ing in private offices is an inexpensive way to give the occu-
pant the ability to modulate the environment in response to
daylight or specific task needs. A different way to achieve
switched light levels is through a light level switchable bal-
last. Rather than switching between lamps, the light level
switchable ballast can reduce the light from all lamps in the
luminaire.

Central switching systems can be less expensive to install
per unit area than equivalent dimming systems and are most
appropriate for strategies such as scheduling, where the
switching action can be confined to unoccupied times.
Switching techniques should be treated cautiously for other
purposes, especially if the switching action can occur when
the space is occupied, because sudden changes in the elec-
tric lighting can annoy building occupants, thus affecting
productivity.’

In multiballasted lighting systems, switching can be used
most effectively if the luminaires are split-wired. By split-
wiring three- and four-lamp luminaires (Figures 27-7 and 27-
8), multiple intensities can be provided in a single zone. With
the help of a control system, full lighting can be provided for
certain portions of the day while allowing a reduced lighting
level (at reduced power) for times when less demanding tasks
are performed. In retrofit applications, split-wiring can be ex-
pensive. Depending on the wiring system in place, relays can
be installed near the circuit breaker panels to permit auto-
matic control of blocks of lighting (Figure 27-9).

Occupancy or motion sensors can be used to control
lighting in offices, conference rooms, and similar areas. In
these situations, the addition of toggle switches or sensors
with override switches to provide the manual off condition
for certain applications (e.g., projections and maintenance)
is recommended.

With dimming control, the illuminance in each zone can
be varied smoothly and continuously to dynamically match
visual requirements. Dimming control can be well suited to
daylighting applications. However, the dynamic range of
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Figure 27-7. Split-level wiring scheme that permits three
lighting levels (0, 50, and 100%) with four-lamp luminaires.
Above luminaires are shown at 50% lighting levels.

daylight is much larger than it is for electric lighting (5:1),
so caution must be applied in selecting the appropriate dim-
ming control and sensitivity setting. Similarly, dimming is
effective in saving energy by compensating for the gradual
light losses that occur over time with all electric lighting
systems (lumen maintenance strategy).

Local or Central

Lighting controls can be implemented in buildings using ei-
ther a local approach, a central system, or some combination
of the two. The two approaches are distinguished both by the
size of the controlled areas and by how the control inputs are
integrated into the system.

A local lighting system is divided into independently
controllable zones, their size and shape typically dictated by
the geometry of the building spaces (such as the locations of
ceiling-high partitions, windows, or skylights) or according
to functional need. Sensor inputs are wired directly to the lo-
cal lighting and HVAC control rather than to a central loca-
tion. Thus each module is essentially independent of other
modules. The use of automatic occupancy sensors that can
sense daylight availability can be especially effective in
these situations.

Central systems generally combine many local zones.
Some central microprocessor systems are intended to handle
either the lighting and mechanical (HVAC) systems or both.
Total building energy-management control and monitoring
functions are easier with central systems.*
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Figure 27-8. Split-level wiring scheme that permits four light-
ing levels (0, 33, 662, and 100%) with three-lamp luminaires.
The above luminaires are shown at 33:% light levels.

System Integration. One major advantage of a lighting
control system is that the illuminance can be automatically
adjusted to suit the activity or tasks at hand. With proper
programming and sensors, some processors can control the
lighting systems as well as the mechanical systems of the
building. A common system permits the optimum control of
energy use and also minimizes programming and training
requirements. Through the use of a distributive processing
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Figure 27-9. Installation of low voltage relays in an electric
closet controlling different banks of luminaires.
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configuration, the differences between mechanical and
lighting inputs and control strategies are easily overcome.
The local processor can be designed for the specific inputs
and control outputs as well as the required interface with the
central processor.

All lighting control systems contain three major compo-
nents: a power controller, a logic circuit, and a sensing de-
vice. The communication and wiring system must link these
components. The controller, such as a dimmer, relay, or
switch, is the “business end” of a control system that electri-
cally changes the output of the light source. The logic circuit
is the intelligence that decides when to supply electric light-
ing, and how much. The logic circuit receives its informa-
tion from a sensing device, such as a photosensor, an occu-
pancy/motion sensor, or a timing device. Two or more of
these elements can be combined in a single system (Figure
27-10).

Control strategies can have different but overlapping sets
of hardware requirements. For some combination of strate-
gies, such as daylighting and lumen maintenance, the hard-
ware required for either is essentially identical to that re-
quired for both. Thus, the economic benefit of employing
several strategies with the same hardware can increase the
cost-effectiveness of the control system investment.

Hardwiring. There are many methods available for linking
the lighting control system components. The control device
itself (dimmer, relay, or switch) is usually hardwired to a
lighting system before the supply and the ballast (line-side
controls), as shown in Figure 27-11a. Some electronic bal-
lasts incorporate circuitry to vary the output of the lamps
over a wide range, effectively combining the control device
and ballast into one integrated package (Figure 27-11b).

Power Line Carrier. The power line carrier is a communi-
cation method that is finding some application in retrofit
control installations. By allowing communication between
the processor and the control device directly over the exist-
ing power lines, extensive rewiring is avoided. However,
some wiring systems in older buildings can significantly re-

Branch lighting circuit

duce the effective range of communications between the
sensor, the processor, and the controller. There are limits to
the overall capacity and speed of these systems. Care must
be taken to ensure that all of the control devices on the
power line are compatible as a system and suitable for the
application. Many other factors contribute to a successful in-
stallation, but often poor power quality and pre-existing
power line carrier systems (lighting, clocks, and/or other
systems) can compromise the proper operation of these systems.

Radio Links. Radio-controlled systems eliminate the need
for wiring between the sensor, the processor, and the con-
troller. These systems are relatively expensive but have found
application in outdoor systems and high-bay warehouses
where the controlled luminaires are difficult to access. They
are also suited to retrofit situations where control wiring
would be difficult or expensive to install.

Radio frequencies from many sources can interfere with
proper operation of this equipment. The required frequen-
cies and bandwidths must be found for this system to work.

Degree of Control Automation and Zoning

Controls vary greatly in degree of automation, ranging from
manual (wall switches) to highly automated. In terms of en-
ergy conservation, automatic controls can reduce energy
consumption because they do not rely on human initiative,
In terms of cost and occupant response, automatic controls
are not always the most effective. Allowing occupants to
override the automatic operation when required is very im-
portant, especially when programmable controls are used
for scheduling purposes. A strict lighting schedule can be
employed if automatic control can be locally overridden
when necessary.”

Zoning. Compliance with energy codes, such as ASHRAE/
IESNA 90.1, requires much closer coordination between the
electrical engineer and the HVAC designer. Lighting and
mechanical zones should match for coordinated control. In
most cases this results in zones sized from 80 m? to 300 m?
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Figure 27-10. Diagram of a lighting control system.
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Figure 27-11. Lighting control operating lamps from (a) the line side of the luminaire; (b) integrated internally with the ballast

circuitry.

(800 ft* to 3000 ft*). There is a tradeoff between the size of
the control zone and the system cost. Smaller zones are
more expensive (both in equipment and in installation costs)
but offer greater flexibility and potential for reducing light-
ing operating costs. Some control strategies, particularly
daylighting and task tuning, are best implemented with
small control zones, 10 to 40 m* (100 to 400 ft*), while
scheduling and lumen maintenance can be used effectively
even if the control zones correspond to the area illuminated
by an entire branch circuit, approximately 100 to 400 m®
(1000 to 4000 ft3).

LIGHTING CONTROL EQUIPMENT

Manual Switching

The energy savings achievable through switching should be
the initial consideration in developing the plan for lighting
circuits. The most common practice is to allow manual con-
trol of lighting. The design and the location of the manual
control affects the energy consumption of the building.
Since the energy savings depend on the willingness of indi-
viduals to use the switching system, the convenience and
flexibility of switching greatly affect the extent of any light-
ing energy savings. Occupants of private offices are the most
likely to use switches to modulate the illuminance in their
space and to do their part in saving energy. There is evidence
that light switch reminder stickers can improve occupants’
switching behavior.”

Each lighting plan presents a unique set of switching cir-
cumstances. The following general provisions should be
considered:

1. Each separate office or area should have its own
control switch, and those with daylighting should
have at least two-level switching.

2. In large open spaces, similar work areas should be
grouped together on one circuit.
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3. When single- or two-lamp luminaires are used, ad-
jacent luminaires should be placed on alternate cir-
cuits to provide for half and full light level.

4. When three-lamp fluorescent luminaires are used,
the middle lamps should be connected to a separate
circuit from the outside lamps. This produces three-
level lighting systems with one-third, two-thirds,
and full light level.

5. When four-lamp fluorescent luminaires are used,
the inside pair of lamps should be connected to a
circuit separate from the outside pair to provide
half and full light level.

6. Task areas with high levels of lighting should be on
separate switches.

7. Luminaires along window walls should be wired on
separate circuits and be controlled independently.

8. Effective labels can cause occupants to use simple
wall switches."

Timing and Sensing Devices

Timing Devices. The function of the timer is to control
lighting in response to known or scheduled sequences of
events, that is, to turn off the lighting that is not needed.
Timers range in complexity from simple integral timers
(spring-wound) to microprocessors that can program a se-
quence of events for years at a time. Coupled with micro-
processors, timers can control multiple events and lighting
effects. As a general rule, some form of override must be
provided to accommodate deviations from the preset sched-
ule. The override should automatically reset to the pro-
grammed functions after a suitable period. Such timers can
be effective in guest bathrooms in hotels, telephone equip-
ment rooms, and certain stack applications, where occu-
pancy sensors cannot effectively cover the entire area, and
the area is not subject to complete blackout conditions if the
lighting under timer control is extinguished.

With a simple integral timer, the load is switched on and
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held energized for a preset period of time. Timer limits
range from a few minutes to twelve hours. Some models
have a hold position for continuous service. These units can
handle lighting loads of up to 20 A.

An electromechanical time clock is driven by an electric
motor, with contacts actuated by mechanical stops or arms
affixed to the clock face. Time clocks have periods from 24
hours to 7 days and can include astronomical correction to
compensate for seasonal changes. They can initiate numer-
ous on-off operations. Some units are available with up to 16
hours of back-up power on the timing mechanism in case of
power failure. Some can actuate a momentary contact
switch to provide on and off pulses for actuating low-voltage
relays or contactors. Wall-mounted (outlet box) units are
also available to control local loads such as security lighting.

Electronic time clocks provide programmable selection
of many switching operations and typically can be controlled
to the nearest minute over a seven-day period. These devices
offer the same switching options as the electromechanical
time clock. Battery backup is available to protect the system
from power outages.

Photosensors. Photosensors use electronic components
that transform visible radiation (light) into an electrical sig-
nal, which is then used to control another system or lamp.
Generally these sensors are either immune to or filtered
from UV and IR radiation. Some sensors generate a control
signal roughly proportional to the irradiance on the photo-
sensor. The control signal can activate two modes of opera-
tion. In the first, the photosensor output activates a simple
on-off switch or relay. In the second, a variable output signal
is established and sent to a controller that continuously ad-
justs the output of the electric lighting.

When photosensors for interior applications are used in
conjunction with relays for on-off control, they should uti-
lize a “dead band,” that is, the illuminance above which the
lamps are switched off should be higher than the illumi-
nance below which they are switched on. This prevents un-
necessary on-off cycling near the threshold illuminance lev-
els. It is also important to consider that switching lights on
and off can disturb occupants. A photosensor can be an inte-
gral part of a luminaire, can be remote from the luminaire
that it controls, or can control a circuit relay that operates
several luminaires. A photosensor can also be used in con-
Jjunction with a time clock, which can switch lights off or re-
duce their output.

Photosensors used in outdoor applications are usually
oriented to the north (in the northern hemisphere). This as-
sures more constant illumination on the sensor as there is no
direct sunlight contribution. The sensors are adjustable with
respect to light levels for activation. Photosensors designed
for outdoor lighting should not be used to control interior
lighting because of their limited sensitivity and adjustability.

Systems that continuously vary their output dispropor-
tionally in response to the varying photosensor irradiance
are most effective when employed for window or daylight-

ing strategies. The photosensor detects an increase in illumi-
nance and sends a compound signal to the controller to de-
crease the electric lighting illuminance. Systems that vary
their output proportionally in response to the varying photo-
sensor irradiance are most effective when employed for lu-
men maintenance. In response to the signal, the lighting sys-
tem can be adjusted by stepped or continuous dimming.

The use of photosensors to control interior lighting is not
trivial; proper design, placement, and calibration are criti-
cal."” Several techniques are currently employed. Placement
of the sensor on the task surface has the advantage of direct
measurement of task illuminance, but there can be difficulty
in wiring the sensor to the controller and in ensuring that the
sensor does not damage and is not damaged by the task ma-
terials. The second and most common method places the
sensor on the ceiling, oriented toward the task. A third
method measures the daylight entering through the fenestra-
tion; best results are achieved when direct sunlight cannot
fall on the sensor. A fourth method measures the external il-
luminance directly. All methods require the sensor output to
be adjusted to match the illuminance on the task as closely
as possible. An accurate and easy means to calibrate the
response of the sensor is essential. Lumen maintenance
strategies typically use the second method, and daylighting
strategies can use any of the last three methods.

A further consideration with interior lighting is the
amount of area controlled by one photosensor. The most im-
portant guideline is that all of the areas controlled by a sin-
gle sensor should have the same general task activity, illumi-
nance requirements, and surround. The space controlled
should have the same daylight illumination conditions
(amount and direction). The entire area should be contigu-
ous, having no high walls or partitions to divide it. This is ef-
fective only if the task area monitored is truly typical and
free of brightness extremes.

Occupancy/Motion Sensors.'" The primary function of
occupancy sensors is to automatically switch off luminaires
(and, in some cases, HVAC equipment) when spaces are un-
occupied, so as to reduce energy use. Electrical consump-
tion is reduced by cutting the number of hours that lumi-
naires remain on, and electrical demand is reduced by
tak-ing advantage of incomplete occupancy loads during pe-
riods of peak electrical use. Frequently, this method offers
the best savings and payback of all control options. The fail-
ure of an occupancy sensor installation is almost always
a result of poor sensor placement or incorrect equipment
selection.

Occupancy/motion sensors provide local on-off control
of luminaires in response to the presence or absence of oc-
cupants in a space. Occupancy is sensed by audio, ultra-
sonic, passive infrared, or optical means. These devices are
designed to switch lights on as an occupant enters and keep
them on while he or she remains in the space; lights are
switched off after a preset time following the departure of
the occupant. The normal movements of a person should
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sustain lighting in the occupied space. Quiet activities such
as word processing, reading, or using the telephone, how-
ever, may not be detected, and lights being switched off can
frustrate occupants in these situations. These nuisance ac-
tions can be minimized by suitable product selection and
proper sensor location. Occupancy/motion sensors can be
mounted in several ways: they can be recessed or surface
mounted on the ceiling, corners, or wall; they can replace
wall switches; and they can plug into receptacles. The floor
area covered by individual sensors can range from 15 m*
(150 ft*) in individual offices or workstations to 200 m*
(2000 ft*) in large classroom or assembly spaces. Larger ar-
eas can be controlled by adding more sensors. Occu-
pancy/motion sensors can be used in combination with man-
val switching (on or off), timers, daylighting sensors,
dimmers, and central lighting controls.

When selecting a sensor and planning for its location, the
designer should ensure that all important movements within
the controlled area are detected, subject to the avoidance of
false positive responses; that is, responses to movement by
inanimate objects inside the room or by people outside the
entrance. It should also be recognized that the operating life
of fluorescent lamps can be reduced by increased switching.
The amount of the reduction can vary greatly and is depen-
dent on the type of lamp, ballast starting circuitry, and the
frequency of switching. The actual service life of the lamps,
however, can be increased by the elimination of unnecessary
burning hours. Research has determined that sensible lamp
life, eliminating most premature lamp failure, balanced with
meaningful energy savings, can be created with time delays
of 15 to 30 minutes."

It is common for occupants to override the action of oc-
cupancy sensors when they cause inconvenience or annoy-
ance. A defeated occupancy sensor offers no energy savings,
so proper operation from the very beginning is critical to the
success of the installation.

Technically occupancy/motion sensors use an electrical
or mechanical mechanism to trigger a switch device. Low
total harmonic distortion (THD) electronic fluorescent bal-

Wall-mounted
ultrasonic sensor
L

lasts can create a high in-rush condition, which could cause
premature failure of the occupancy sensor switching device.
Some of the sensors on the market have a technical solution
to managing this in-rush problem. Other technical consider-
ations include the manner in which the sensor generates its
own operating current; some devices use a neutral connec-
tion, and others use a trickle current through a connection to
the ground. Finally, devices with solid-state switching de-
vices can have a minimum load, whereas devices with dry
contacts generally do not have a minimum load specifica-
tion. Check the manufacturers’ literature for additional de-
tails.

Large areas can require multiple sensors and multiple
power devices for multiple circuits. Several combinations
are available, with remote sensors, a variety of sensor tech-
nologies and coverage patterns, and voltage-specific power
packs.

Ultrasonic occupancy/motion sensors transmit a low-
power, high-frequency signal and receive a reflected signal,
using the Doppler shift to sense movement in a space. The
frequency of ultrasonic sensors is usually between 25,000
and 40,000 Hz (Figure 27-12). Ultrasonic occupancy/
motion sensors are normally better at detecting small move-
ments and detecting movements around modular walls such
as would be found in restrooms and open offices. Also, most
ultrasonic occupancy/motion sensors should not be mounted
on ceilings above 4 to 5 m (14 to 16 ft).

There have been reports of ultrasonic occupancy/motion
sensors interfering with hearing aids. Hearing aids operating
above 40 kHz are not affected by ultrasonic occupancy and
motion sensors. If the hearing aids are adjusted to operate
within specifications, there should be no interference experi-
enced.

Passive infrared (PIR) sensors detect the changes in in-
frared patterns across their segmented detection regions,
tuned to the region of human body temperature (Figure 27-
13)." PIR occupancy and motion sensors have a line-of-
sight coverage pattern with very predictable pickup patterns.
They can be masked for controlling unwanted coverage

| — Ceiling

/| — Floor

This figure shows a simplified wave
pattern in an empty room. Ultrasonic
waves [biackg are emitted by the
sensor and reflect off the back wall.
The reflected waves (blue) then
return to the sensor.

A person, or any object in the room, reflects waves emitted by the sensor. As a person
moves in the space, the frequency of the waves reflected off the person changes. The
sensor detects this change in frequency, and the luminaires are turned on.

Figure 27-12. Example of motion detection with ultrasonic sensors.
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Figure 27-13. Example of motion detection with infrared sen-
sors. The motion of a person through the pattern of receiver
areas is detected as a change, and the luminaires are turned
on.

Ceiling-mounted sensor:
Section view
Vertical fan patterns

areas. PIR sensors are especially suitable for areas that have
high ceilings or high air velocities, as well as most general
applications. They are most sensitive to movements perpen-
dicular to the direction of view.

Dual-technology sensors are available that can use either
UV or PIR signals or both. The logic and verification that
can be incorporated in one unit can assist with applications
where false triggering is especially problematic. Also, pack-
aged sensors are available for desk-top applications to con-
trol task lights and computer monitors.

Central Processors

For centralized systems, the processor is the device that as-
similates the data, determines the required change, and initi-
ates action to effect the change. More sophisticated proces-
sors can respond to a number of complex lighting conditions
in the space, collect power and energy-use data, and supply
summary reports for building management and tenant
billing. Processors range in complexity from a microchip in
a controller to a large computer. Simplicity of operation and
control, coupled with automatic operation in response to the
actual environment, is essential.

In general, all processors operate in the same way. Input
is received from a sensor such as a photosensor or clock,
data are analyzed in accordance with a predetermined set of
rules, and a system change is initiated. Systems can respond

to manual switches as well as to automatic functions (such
as the time of day) and illuminance conditions. Outputs can
include switching, dimming, and adjusting daylighting
shading or reflection devices.

There are three types of processors: local, central, and
distributed. In the local type, the processor is located in or
adjacent to the device it controls. Sensor inputs go to a sig-
nal conditioner, either analog or digital, and are then fed to
the processor. The central processor receives all inputs, ana-
lyzes the data, and then sends instructions to controllers lo-
cated throughout a facility. This method allows coordinated
control of all system elements. In distributed processing, the
ongoing decision making is left to local processors, but a
central processor orchestrates the entire system. It provides
a time signal, operating parameters, and direction to specific
points on an exception basis (one that overrides the normal
routine). Most inputs are directed to the local processor.
Analysis is performed locally, with only exception data
being sent to the central processor. The advantage of this
system is that it does not collapse from the loss of any one
processor, and only the local processor has to be repro-
grammed to accommodate changes.

DIMMING CONTROLS

Controllers for Incandescent Lamps

Equipment to control the light output of incandescent and
tungsten-halogen lamps is readily available. Early lamp
dimming controls were simply variable resistances con-
nected in series with the lamps. The method wasted energy
because some of the power saved in the lamp was dissipated
in the resistor. An alternative to resistive dimmers was the
autotransformer, which efficiently reduced voltage to the
lamps, so transformer losses were relatively small. The auto-
transformer offers smooth, quiet, reliable dimming without
introducing line interference, but it is bulky and heavy. To-
day, most dimming equipment relies on solid-state switch-
ing components that offer small size, design flexibility, and
lower cost. This technology employs thyristors or transistors
as the switching element to efficiently control the power to
the lamps. However, the fast switching of these electronic
devices can generate electromagnetic and audible noise as
well as harmonic distortion that must be filtered.

Dimming incandescent and tungsten-halogen lamps af-
fects the light output, life, and color temperature of the
lamp. For example, a 12% power reduction decreases light
output by 25%, and the lamp life triples. Figure 27-14 illus-
trates the effects of reduced voltage on light output, power,
correlated color temperature, lamp life, and efficacy. Note
that as the voltage is decreased, the light appears warmer.
Tungsten-halogen lamps require certain minimum tempera-
tures to operate correctly. To guarantee this, some control
systems periodically operate the lamps at high levels for
programmable times, to allow the halogen cycle to clean the
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Figure 27-14. Change in Characteristics of Typical
Incandescent Lamps Operated Below Rated Voltage

Input Light Watts ~ Color Change  Life*  Relative
to Lamp Output (percent) (kelvin) (percent) Efficacy
(volts)  (percent)
120 100 100 0 100 1.00
110 75 88 - 100 300 0.85
100 55 76 — 200 1000 0.72
90 38 64 — 300 4000 0.59

* Based on filament temperature only. Other factors, shock and vibration,
will also affect lamp life.

inside of the lamp envelope. There can be an impact on over-
all lamp life if the lamp is operated at too low temperatures
for extended periods of time. For this reason it is better to se-
lect lamps close to the desired lumen output rather than dim-
ming high wattage lamps to lower levels.

The dimming of low-voltage incandescent and tungsten-
halogen lamps is very similar to the dimming of line-voltage
incandescent lamps, with a few important exceptions. Spe-
cial dimmers should be used that are specifically designed to
dim these specialized loads and to protect the lighting sys-
tem from the problems associated with the low-voltage
transformers. Magnetic transformers require supervisory
circuitry to prevent dec current from reaching the load. All
dimming of low-voltage loads requires the use of approved
dimmable transformers. This ensures that the transformers
do not fail during the dimming process, and that they do not
make objectionable noise while in operation.

Controllers for Fluorescent Lamps™

The fluorescent lamp is the primary light source for commer-
cial and retail applications. Unlike the incandescent lamp,
which is a pure resistive load, the fluorescent lamp is a com-
plex negative-resistance load requiring a ballast to maintain
the proper electrical input for both starting and operation.
Simply reducing the input voltage, as is done to dim incan-
descent lamps, extinguishes the arc at some point, as well as
reduces the life of the lamp. Equipment is available to dim
these lamps when operated with standard magnetic ballasts,
magnetic dimming ballasts, or electronic dimming ballasts.
Many new products are available to control fluorescent
lamps on highly efficient electronic ballasts (Figure 27-15).
Fluorescent lamps operated with special electronic dim-
ming ballasts, typically those that dim down to 10 to 20% of
maximum light output and with enhanced low level capabil-
ity (and higher cost), can be dimmed to less than 1% of full
light output without producing flicker. Some electronic bal-
lasts are also designed to reduce the electrode filament volt-
age at full light output and to restore it when the lamps are
operated in the dimmed mode at low arc current. This ex-
tends the lamp life and reduces the power requirement at full
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Figure 27-15. Relative light output as a function of power for
(a) a two-lamp, 34-W, rapid-start fluorescent system with
standard core-coil ballast. Minimum level of lighting adjust-
ment is shown as 15% light output at 22% power; (b) three-
lamp, 32-W, T-8 rapid-start fluorescent system with electronic
ballast. Minimum level of lighting adjustment is shown as 1%
light output at 8% power.

light output (Figure 27-15b). Proper luminaire grounding is
essential for stable lamp operation, especially at low light
levels.

Control Methods. There are several types of electronic
dimming ballasts on the market today. These ballasts differ
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in the way they are controlled by one of three methods:
phase control, PWM (pulse width modulation), and low-
voltage control (typically 0 to 10 V d¢). The PWM control is
the least used scheme, as it utilizes a high-frequency square-
wave signal over separate control wires to dim lamps down
to approximately 10% of maximum output. The main ad-
vantage of PWM control is its ability to control a large num-
ber of ballasts per controller.

The phase control method gives the user the most flexi-
bility since it dims lamps to 1%. It uses a controller that con-
trols up to 60 ballasts. This system gives very uniform dim-
ming and lamp stability. Its main drawback is the high initial
cost for equipment and installation.

The third control type is low-voltage control. A dc volt-
age is sent to each ballast via separate control leads. A single
control device (e.g., slide dimmer, photosensor, building
management system [BMS], etc.) can control 60 to 80 bal-
lasts, with a stable dimming range of 100% to 20% or lower,
depending on the low level capability of the ballast. This
type of control is typical of many energy management appli-
cations.

Controlling the light output via low-voltage signals allows
electronic dimming ballast systems to be more flexible than
magnetic ballast systems based on conditioning the ballast
input power. Large banks of electronic ballasts can be con-
trolled as readily as a few. Thus, lighting control strategies
such as task tuning, daylighting, and load shedding gener-
ally require modular control. Scheduling and lumen mainte-
nance can be readily accomplished with electronic dimming
ballast systems, since the ballast is controlled independently
of the distribution system.

Multilevel Ballasts. Both magnetic and electronic multi-
level ballasts are available. These provide the ability to be
switched between two or more illuminances. They provide a
low-cost, but limited control approach for dimming and can
be used in some cases to satisfy energy codes.

Controllers for HID Lamps

High-intensity discharge (HID) lamps can be controlled us-
ing control equipment similar to that used for dimming fluo-
rescent lamps. The long warmup, restrike delay, and color
shift associated with HID lamps, however, can limit their ap-
plications. On-off control of HID lamps is most commonly
used where there are long on and off periods, as for outdoor
and roadway applications, where switching generally occurs
twice a day. These typically use a photocell.

Multilevel ballasts are available for HID lamps, allowing
the illuminance to be changed in steps. This technique is
practical in warehouses, parking garages, tunnels, and day-
lighting applications. Recently, retrofit kits have become
available to allow some existing facilities to have multilevel
switching added to previously installed HID lamps. Equip-
ment is available to dim HID lamps continuously to less

than 20% of full light output. Color shift limits the range
that can be used in some applications. Metal halide lamps
shift color toward blue-green, and high-pressure sodium
lamps shift color to yellow. The change in color becomes
noticeable below 60% of rated lamp power for metal halide
and 40% for high-pressure sodium lamps. See Chapter 6,
Light Sources, for information on the relative change in
power and light output for HID.

COST ANALYSIS

The approach used to evaluate the economics of lighting
systems can be extended to include systems with controls.*
Fundamentally, the procedure involves adding the cost of
the control system to the rest of the lighting system equip-
ment costs and determining how the use of the controls af-
fects operating costs. Since lighting controls can affect not
only the operation of the lighting system but also other
building energy systems, all of the system interrelationships
must be considered. In office buildings, for example, light-
ing controls that vary the output of the general lighting, per-
haps in response to daylight, also change the amount and lo-
cation of heat generated in the building. As the building’s
heating and cooling systems take this into account, the
HVAC costs are affected. Some lighting control systems can
also affect the electrical system; for example, by changing
the power factor, high in-rush currents, and high harmonic
currents, the performance of the lighting system itself can be
altered in terms of efficacy, lamp life, and ballast life.

Energy savings depend on the size of the space, the avail-
ability of daylight, the work schedule, the kinds of activities
performed, and the attitude and training of the occupants.
For example, if the users are motivated to switch lights off
each time they exit the area, then the installation of occu-
pancy/motion sensors does not result in significant energy
savings.

To estimate the energy that could be saved by using auto-
matic controls, the areas to be controlled should be divided
into smaller areas of similar function and occupancy, such as
private offices with windows and open-plan sales offices.
Users should establish a plausible use scenario for each
small area, including:

* Hours of use

¢ Fixed or flexible work schedules

* Weekly, monthly, or yearly changes in the schedule

* Periods when areas are unoccupied, such as breaks,
lunch, end of day, before cleaning

¢ Cleaning crew schedules

* Use of daylight to reduce electric lighting during
daylight hours

The sum of the projected savings from small areas provides
the total potential savings.
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Cost Considerations

Some costs normally associated with the installation and op-
eration of lighting control systems include:

» Control hardware, including sensors, control and
monitoring station equipment, cabling and overcur-
rent protection

Interface equipment, such as multiplexers in cases
where control signals are carried by the power
wiring, or data links and interconnection devices be-
tween controls and the telephone or onsite computer
system

Installation and setup labor, since several different
skills (and therefore costs) can be involved in han-
dling both signal and power level wiring, calibra-
tion, and checkout

 Maintenance labor and spare parts

* Energy costs and utility rate structures

®

Economic Analysis Techniques. Lighting controls are fre-
quently cost justified on the basis of expected energy cost
savings over a period of time. Methods of comparing the
cost with the savings are explained in Chapter 25, Lighting
Economics."*

Sources of Cost and Performance Data. Although cost
information for lighting control hardware is easily obtained,
performance information that affects operating and other
system costs is not readily available and can be very site spe-
cific. The main operating-cost factors are the system input
power and operating hours. Fairly accurate estimates for on-
off control systems can be made if the operating period of
the system is known, but systems with variable power inputs
must be measured or carefully simulated. It can be helpful to
construct a profile of system input power versus time or use
computer modeling, especially if daylighting, time-of-day
utility rates, or other special considerations apply.

Studies reveal that the impact of occupancy detectors is
highly application dependent. The energy reduction realized
from the proper use of occupancy sensors has been mea-
sured to be from 10 to 50%."

IMPACT OF LIGHTING CONTROLS

Effects on the Whole Building

HVAC Effects. Lighting can be responsible for a major por-
tion of a building’s HVAC load. Thus, lighting electrical
loads have a major influence on both the air-conditioning
loads and fan operation. Lighting electrical loads affect the
initial cost of the HVAC system as well as its annual energy
consumption. If lighting controls are utilized to reduce the
lighting energy consumption, it is important that the HVAC
system and controls be designed to respond to changes in
the operation of the lighting system. Furthermore, with the
trend toward the use of daylighting to augment the electric
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lighting system, it is also necessary to consider the effects of
the glazing system on the heating and air-conditioning sys-
tem and its controls. Daylighting can increase the initial cost
and the annual energy consumption if the daylighting sys-
tem is not carefully designed. Indeed, payback can be longer
with daylighting controls. For example, a daylighting system
can increase the necessary summertime cooling load of a
building by letting more heat into the building. Many modern
occupancy sensors have dedicated control outputs for the si-
multaneous control of lighting and HVAC equipment.

By properly integrating the HVAC system and its con-
trols with the lighting system and its controls, often both the
initial cost of the HVAC system and energy consumption
can be reduced. In order to achieve these benefits, the HVAC
system must be properly designed with zoning and effective
controls. The type of HVAC system is extremely important
if full savings are to be achieved from lighting controls, es-
pecially in existing buildings where the air-distribution sys-
tem is either a multizone, double-duct, or terminal reheat
system; these systems supply a constant amount of air and
vary the supply air temperature in order to maintain the
space temperature.

In recent building designs, the use of multizone and termi-
nal reheat systems has been eliminated by building energy
codes. Most commercial systems use numerous small single-
zone units or variable-air-volume (VAV) systems where the
space temperature is maintained by an air supply of a con-
stant temperature and varying volume.

Lighting controls can be integrated with the HVAC sys-
tem within the building energy management and control sys-
tem (EMCS). The primary application is the time scheduling
of the start and stop of the various loads. The EMCS com-
puter can also be used to consider the time of imposition of
the various loads required for optimal start and stop and the
thermal storage effects of the building mass.

Another consideration that affects the energy consump-
tion of the HVAC system is the part-load efficiency of the
heating and air conditioning, including the energy dissipated
by fans and motors. Unless the HVAC system components
and controls are designed to take into account the part-load
efficiency, most of the potential HVAC energy savings from
the lighting controls will not be realized.

Electrical Equipment Effects

Switching. Controls that switch lamps on and off exces-
sively can reduce fluorescent'? and HID lamp life. Increased
cycling does not decrease ballast life or reliability. The ac-
tual service life of lamps can be extended by the elimination
of unnecessary burning hours.

Interference. Radio frequency interference (RFI) or elec-
tromagnetic interference (EMI) is inherent in all control sys-
tems that rapidly switch a portion of input power. There are
specific standards and limits to the radio noise permitted in
the United States. The Federal Communications Commis-
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sion (FCC) publishes these standards (FCC, Part 15 or 18)"
and regulates the manufacture of devices that can emit radio
noise. The Food and Drug Administration (FDA) publishes
separate standards for radio noise for devices used in hospi-
tal environments. The FCC is concerned with all types of ra-
diating devices, including various types of occupancy/mo-
tion sensors.

There are two areas of concern with regard to radio noise:
conducted emission and radiated emission. Conducted emis-
sion is the noise fed directly into the power line by the de-
vice drawing power from that line. Radiated emission is the
electrical noise radiated by the lamps in the luminaire, with
the power line possibly acting as an antenna. Conducted
emission follows the power line itself as a path of propaga-
tion. Generally, at high frequencies this noise is limited to
the downstream portion of the circuit, from the branch trans-
former to the devices in question.

In most commercial and industrial buildings the lighting
power circuits are contained within metal conduits. These
conduits attenuate radiated electromagnetic energy and limit
the radio noise to the circuits contained within the same con-
duit. Conducted emissions are of concern to the extent that
they interfere with the lighting control system and any other
devices on the same branch circuit feeds, such as computers
or security systems. Control systems use passive and active
filters to keep the conducted emissions within the allowable
limits.

With shielded power lines, radiated noise is limited to the
radio noise emitted directly from the controller and lumi-
naire. It is of concern to the extent that other devices within
the immediate area of the controller and luminaire can be af-
fected. The primary antenna within the luminaire is the lamp
itself. While all ballasts, lamps, and control systems emit ra-
dio noise that can interfere with some equipment, there are
precautions that ballast and control manufacturers can take
to reduce such noise. For conventional ballasts, noise filters
are available. For solid-state high-frequency ballasts, which
emit more radio noise than conventional ones, the noise is of
a type and magnitude that can be more easily suppressed or
designed out of the ballast. There are also luminaires with
conductive lenses specifically designed to attenuate the EMI
radiated by the lamps.

Power Quality

The power quality of electrical switching systems has be-
come a concern to utilities with regard to power factor,
safety, and interference. Most incandescent dimming tech-
niques use phase control, in which the voltage to the lamp is
reduced by high-speed switching. This distorts the sinu-
soidal line current, producing other frequencies and leading
to a decrease in the power factor.

The designer should be aware of potential harmonics, as
they can overload the neutral conductor in three-phase elec-
trical distribution systems, which can damage its insulation,
overheat transformers, and distort the voltage at points of

coupling. In addition, if only a single leg of a three-phase
system is dimmed, the system becomes unbalanced, further
increasing the neutral current. In practice no problems have
actually been attributed to the generation of harmonics by
lighting control systems to date, but designers and engineers
should become familiar with the issues when using these ad-
vanced lighting technologies.

Very low harmonic content electronic ballasts can have a
high-in-rush current, associated with the front end power fil-
tering. Consult the specific manufacturers’ literature for de-
tailed information on this.

Human Performance Effects

Lighting control systems can have a positive effect on the
working environment, provided that they add to the comfort
and the aesthetics of a space. Controls can have further eco-
nomic benefit if the productivity of the occupants is in-
creased. This can be true, for example, in spaces where visual
display terminals (VDTs) are used because the brightness of
reflected images is reduced by dimming the lighting. In gen-
eral, the ceiling and task lighting can be controlled in zones
over a wide range of illuminance to adjust the lighting to the
specific needs of the spaces.’

Care should be taken when attempting to reduce peak
power demand or energy use to ensure that illuminance is
not reduced below that required for visual tasks in the space.
Audible noise, flicker, and source color changes caused by
dimmer controls can also affect performance.

llluminance. The illuminance determines the visual adapta-
tion level, which has been demonstrated to affect perfor-
mance in visual tasks such as reading, inspecting, and as-
sembling (see Chapter 3, Vision and Perception). Control
systems must be designed so that the lighting system can
provide proper illuminance for these tasks.

Audible Noise. Lighting control systems can produce audi-
ble noise in the environment, which can be a source of an-
noyance. The manufacturer should be consulted to minimize
the noise produced by the control system. Noise control
strategies include careful lamp selection, enhanced dimmer
filtering, and remote dimmer locations.

Flicker. Controls that modify waveforms can cause exces-
sive flicker. Flicker is noticeable if the variation in light am-
plitude is sufficiently high (see Chapter 3, Vision and Per-
ception, and Chapter 6, Light Sources). Even imperceptible
flicker can cause eyestrain and fatigue at 50 Hz." While the-
oretically less of a problem at 60 Hz, some people are still
sensitive to flicker. Proposed control systems should there-
fore be examined for their effect on flicker.

Flicker is typically greater with uncoated HID lamps than
with fluorescent lamps. This is because the phosphors in a
fluorescent lamp continue to generate light throughout the
ac cycle. Most phosphor-coated HID lamps exhibit this re-
duced flicker. HPS lamps have high flicker because of the
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rapid recombination of sodium ions. Lamps should be se-
lected that minimize flicker. Electronic fluorescent and HID
ballasts should be selected because they drive the lamps
without flicker. Further flicker reduction can be achieved
with HID lamps by placing luminaires in a room on different
supply phases.

Color Changes. During lamp dimming, there can be a small
shift in lamp color with fluorescent lamps. This color shift is
not usually considered significant, but it is noticeable, espe-
cially with warm CCT lamps. Other light sources, including
incandescent lamps, exhibit a more significant color shift.
Care must be exercised when employing such lamps. They
should not be dimmed to levels that alter the aesthetics of the
space, cause discomfort to the occupants, or affect tasks in
which color rendition or discrimination are essential. One ac-
ceptable approach is to limit the range of dimming so that no
color shift is apparent. On the other hand, the shift in incan-
descent lighting to a lower color temperature by dimming
can actually be desirable in certain applications, such as
restaurants, where a warmer atmosphere can be inviting.
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Lighting systems must be maintained to assure the lighting
quantity and quality intended, whether for task performance,
safety, or aesthetic reasons.' System components have a fi-
nite life and at some point in time must be replaced. Lamp
performance changes over time before failure. Dirt accumu-
lates on luminaire and room surfaces.

Lack of maintenance can have a negative effect on human
performance, perception of an area, safety, and security. It
can also waste energy. The combined effect of equipment
age and dirt depreciation can reduce illuminance by 25 to
50% or more, depending on the application and equipment
used. At the same time, the owner of the lighting system
continues to pay the same amount for electricity as if the
lamps were new and the lamps, luminaires, and room sur-
faces were clean.?

All of these factors tend to reduce illuminance or change
the lighting quality. To take the above causes of light loss
into account, lighting systems are generally designed with a
light loss factor to provide from the onset a higher illumi-
nance than that recommended for the task in the space.’

The most effective method of consistently maintaining il-
luminance and lighting quantity at the lowest operating and
maintenance cost is through a planned program. Planned
lighting maintenance entails group relamping, cleaning
lamps and luminaires, and replacing defective or broken
components on a scheduled basis. Painting and maintaining
room surfaces are also important.*

CAUSES OF LIGHT LOSS

Lighting maintenance means action to recover light losses
due to the following:*

» Lamp lumen depreciation

* Dirt accumulation on lamps and luminaires
e Lamp failure

* Luminaire surface deterioration

* Room surface dirt accumulation

Lamp Lumen Depreciation

As a lamp is operated, its lumen output gradually decreases
until failure occurs. This is called lamp lumen depreciation
and is characteristic of all lamps, although the rate of de-
crease and the overall lamp life differ for each lamp type
(see Chapter 6, Light Sources).
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Dirt Accumulation on Lamps and Luminaires®

As dirt accumulates on a lamp, it reduces the amount of light
being emitted. As dirt accumulates on luminaire surfaces, it
acts to reduce the amount of light reflected or transmitted by
those surfaces. Dirt buildup on the luminaire’s surfaces can
also affect light distribution; for example, dirt on a specular
aluminum reflector in a high-bay luminaire can widen the
lighting distribution of that luminaire. Such a change results
in lower illuminance on the workplane. The total amount of
light loss due to dirt depreciation depends on the type and
amount of dirt accumulated, the lamp’s type and shape, and
the luminaire’s design and finish.

Two types of luminaires built to resist dirt accumulation
are ventilated luminaires and filtered or dust-tight lumi-
naires. Ventilated luminaires tend to collect less dirt than
those with closed tops. The temperature difference between
the lamp and the surrounding air causes convection currents
that help carry dirt through the luminaire openings rather
than allowing it to accumulate on the reflector. Filtered or
dust-tight luminaires or reflector lamps minimize dirt accu-
mulation because the lamp and reflecting surfaces are pro-
tected from dusty air.

Light losses due to dirt depend on the rate of accumula-
tion and the characteristics of the dirt. For example, dirt
buildup occurs much faster in a foundry than in a well-ven-
tilated office. The dirt found in a suburban office is different
in amount and type from dirt in an office located in an in-
dustrial area. Black steel-mill dirt is very different from the
light-colored dust found in a woodworking shop. Thus, dirt
accumulation affects luminaire performance differently in
each of these situations.

Lamp Failure

A lamp failure decreases the local illuminance and thus af-
fects lighting uniformity. It can also pose a hazard to other
luminaire components. For example, in some fluorescent
circuits, when one lamp fails, others on the same ballast
glow dimly and may also fail. This can also cause rectifica-
tion and high ballast current, causing the ballast either to fail
immediately or to experience reduced life.

Luminaire Surface Deterioration

Luminaire construction materials differ in their ability to re-
flect light and resist deterioration. Porcelain enamel, for exam-
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ple, retains its high reflectance and is relatively easy to clean.
Processed aluminum finishes tend to depreciate at a lower rate
than painted finishes. Plastics (acrylics, cellulosics, polycar-
bonates, and vinyls), as light-controlling materials, change
over time. Exposure to ultraviolet (UV) and infrared radiation
(IR) causes the color and transmittance of plastics to change.
The rate of change depends on the lamp type, its distance from
the plastic, and the temperature to which the plastic is sub-
jected during operation periods. Additionally, improper clean-
ing materials and techniques can cause added changes in trans-
mittance because of chemical action or surface scratching.

Room Surface Dirt Accumulation

Light reaching the work plane comes directly from the lumi-
naires in the room and from the reflected light from room
surfaces. Thus, dirt accumulation on room surfaces reduces
the amount of light on the workplane. Cleaning and regular
repainting of walls and other surfaces will reduce the effect
of dirt accumulation on these surfaces.

The effects of these light loss factors are shown in Figure
28-1. These and others are discussed in Chapter 9, Lighting
Calculations.

PLANNED MAINTENANCE TECHNIQUES

During the design of a new or retrofit lighting system, an effec-
tive and properly executed maintenance plan can minimize the
required number of luminaires needed for a space, thus mini-
mizing first costs and energy costs.*” The primary maintenance
techniques are group relamping and cleaning. During and be-
tween relamping and cleaning, the system can be inspected for
defective or broken components and other problems.

Group Relamping

Group relamping entails replacing all of the lamps in a sys-
tem together after a fixed interval, called the economic
group relamping interval. Group relamping can reduce the
cost of operating a lighting system while keeping illumi-
nance levels close to the design value. As discussed above, if
a lighting system is analyzed during the design phase and
group relamping is judged economical, then lower illumi-
nance can be specified at system commissioning.

Group relamping saves labor costs. It typically costs less
per lamp to replace all of the lamps in a system at one time
than it does to replace them one by one as they fail. If the la-
bor savings are worth more than the value of the used lamps,
then from an economic standpoint it makes sense to discard
used and depreciated lamps, even though they may still have
some burning hours remaining. A useful rule of thumb is
that group relamping should be examined if the labor cost of
spot-replacing one lamp, less the cost of group-relamping
one lamp, exceeds the cost of one new lamp. Large-quantity
lamp purchases also lower unit costs.
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Analysis techniques are available to determine the eco-
nomic group relamping interval. These are based on the
mortality rates of the lamp (the probability of failure as a
function of time), the labor rates involved, the cost of the
lamp, and its depreciation rate. Typically, the most econom-
ical time to group relamp is between 70 and 80% of rated
life. This is just before the majority of lamps are expected to
fail, when the greatest labor costs can be saved, and when
lamp lumen depreciation makes the lamps uneconomical to
continue operating from a cost-per-lumen standpoint. The
calculations should take into account the cost of replacing
spot failures between group relampings so that lighting
quality and appearance are also maintained. Group relamp-
ing also includes a scheduled period when relamping can be
economically combined with installation of new luminaire
components such as specular reflectors, energy-efficient
lamps, energy-efficient ballasts, and other components that
improve the performance of the system.

« A three-year study known as the Luminaire Dirt De-
preciation Study is nearing completion. This study has
been jointly sponsored by the interNational Associa-
tion of Lighting Management Companies (NALMCO)
and IESNA and has been funded by the U.S. Environ-
mental Protection Agency. The project involves taking
a time series of field measurements in individual lumi-
naires in nonindustrial interior environments.

The results of this project will be used to update the
Luminaire Dirt Depreciation factor characteristics
that are part of the lighting system design process.
The new reliable dirt depreciation data also will be
used in life cycle cost analysis.

It has been assumed that present interior environ-
ments are cleaner than those of the 1950s, when the
existing maintenance data were developed. To the
extent that this can be quantified, the initial excess
illuminance allowance for dirt depreciation can be
reduced. Such a reduction reduces the initial lighting
system cost, the lighting system power require-
ments, and the heat load placed on other building
components,

Periodic Planned Cleaning

Cleaning the lighting system usually entails washing or oth-
erwise removing dirt from the luminaires (see Figure 28-2),
occasionally cleaning and repainting room surfaces, and oc-
casionally cleaning air supply vents to prevent unnecessary
dirt distribution. Cleaning is another service that can eco-
nomically be combined with group relamping; in environ-
ments with high concentrations of dirt or dust in the air, it
should be performed often. As in the case of group relamp-
ing, periodically cleaning luminaires delivers more light per
lighting dollar and ensures more consistent illuminance
through the life of the lamps.



OPERATIONS: PROGRAMS AND METHODS

100

20

80

70

60

50

40

Percent of designed initial light output

20

10

Time in years

A
2% 7 °
A 7 7
D
b |
I=E
72
70
67
63
57
1 nd 2 - 3 4
— Clean Clean Clean Clean
luminaires  luminaires luminaires luminaires
once and per 18 months; per 18 months; per 12 months;
relamp 100% relamp 100% relamp 50% relamp 33-1/3%
once per once per once per once per
|36 months 18 months 18 months 12 months
" o
B A—Temperature and voltage / Yy D—Lamp lumen depreciation (LLD)
[:‘ B—Luminaire deterioration - E—Lamp burnouts
W C—Room surface dirt I:] F—Dirt accumulation on lamps
: accumulation and luminaires
] | | | | | |
0 3 6 9 12 15 18 21 24

Figure 28-1. Effect of light loss factors on illuminance level. Example above used 32-W T-8 cool-white rapid-start lamps in re-
cessed troffers, operated 10 hours per day, 5 days per week, 2600 hours per year. All four maintenance systems are shown on
the same graph for convenience. For a relative comparison of the four systems, each should begin at the same time and cover
the same period of time.

OPERATIONS: PROGRAMS AND METHODS Planning Factors

The most economical group relamping and cleaning interval
must be established. Many factors are involved, so the facil-
Lighting systems are becoming more complex. As a result, ities manager must:
the requirements for resources, expertise, and competence

Planning

are increasing. Often it is desirable for an organization to
use a lighting management company if it does not have the
proper equipment and trained staff to maintain the system

properly itself. environment.
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* Establish the maintenance cycle so that there is nei-
ther excessive light loss nor wasted equipment.
* Determine the rate at which dirt accumulates in the
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Figure 28-2. A fluxometer developed to measure a lumi-
naire’s available light in order to determine the benefits of pe-
riodic cleaning.

= Evaluate the impact of dirt on luminaires and room
surfaces for the specific lighting system.

Several options with factors applicable to the facility should
be considered, and results should be compared to determine
the best maintenance interval.

In addition, the application also dictates other mainte-
nance requirements. Luminaire accessibility and rate of dirt
accumulation vary in almost every circumstance. Planning
must take these conditions into account. For example, in
many industrial areas, not only is the rate of dirt accumula-
tion high and the dirt dark and adhesive, but the luminaires
are usually mounted high up, requiring mechanized lifts to
reach them.

Plan Execution. The building’s environmental characteris-
tics greatly affect how maintenance is performed. Generally,
cleaning and relamping operations require several basic
steps:

1. Make the luminaires shock free. Lamp sockets pre-
sent an electric shock threat to the maintenance
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technician. The electrical circuit must be turned off
when working on luminaires.

2. Remove the shielding material and lamps. Louvers,
lenses, or diffusers in frames can be unlatched for
cleaning in place or removed from the luminaire
and passed to the technician on the floor. Lamps
are then removed and also passed down to the tech-
nician, who cleans or discards them.

3. Clean the basic unit. If present, heavy deposits of
dirt should be vacuumed or brushed from the re-
flector or other surfaces. The entire unit is then
ready to be washed with a suitable solution utiliz-
ing a brush, sponge, cloth, or spray bottle. After
washing, the entire unit should then be rinsed to re-
move any residue of dirt or solution. Indirect lumi-
naires should have the dust and dirt blown out with
an antistatic nozzle.

4. Clean the shielding material and lamps. While the
reflective surface is being cleaned, the technician
on the floor cleans shielding materials. During re-
lamping, the old lamps should be placed in a dis-
posal area, before new lamps are brought in for in-
stallation. Plastic lenses or louvers should be dried
with a damp cloth. Dry wiping can cause electro-
static charging, which attracts dust. Drip drying
can leave streaks on prismatic lenses. Parabolic
louvers should be cleaned using ultrasonic machines.
Antistatic fluid should be applied to the shielding
material, except for glass, to retard dust accumulation.

5. Replace the lamps and shielding material. The clean
shielding and new or cleaned lamps are passed up to
the technician at the luminaire for installation.

6. Troubleshoot. During the above steps, the techni-
cian at the luminaire should check for damaged or
defective components and be prepared to replace
them with new ones. The lighting system should
then be tested and checked for defective lamps, bal-
lasts, sockets, and wiring.

Safety and Environmental Considerations

During cleaning and relamping, the cleaner and the floor
technicians should observe all safety precautions. For spe-
cific professional safety requirements, consult the U.S.
Occupational Safety Health Administration (OSHA) in
Washington.

Equipment Disposal.® Replaced lamps and ballasts should
be disposed of according to state and federal guidelines. Pre-
cautions should be taken when disposing of older ballasts
containing PCBs. While the manufacture and distribution of
older ballasts containing PCBs were banned in the United
States in 1978, they can still be found in older luminaires. A
ballast without PCBs is appropriately labeled, “No PCBs.”
If ballasts containing PCBs are encountered, a lighting man-
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agement and maintenance professional, a hazardous-waste
treatment professional, or any state or federal organization
that offers disposal resources should be contacted. Ballasts
containing PCBs must be disposed of in accordance with
state and federal guidelines. The U.S. Environmental Pro-
tection Agency in Washington can be contacted for more in-
formation.

CLEANING COMPOUNDS

Different cleaning applications require different cleaning
compounds. Improperly selected or used compounds can
scratch or otherwise deteriorate the luminaire surface. For
each application, the manufacturer’s recommendations
should be followed for best results. Several general tips are
listed below:

Aluminum. Very mild soaps and cleaners followed by a
thorough rinse with clean water prove effective with alu-
minum. Strong alkaline cleaners should never be used.

Porcelain Enamel. Nonabrasive cleaners can be used on
porcelain. Detergents and most automobile and glass clean-
ers are effective.

Synthetic Enamel. Some strong cleaners may injure this
finish, particularly in cases where the enamel is left to soak
in the solution. Alcohol or abrasive cleaners should not be
used. Detergents produce no harmful effects.

Glass. As with porcelain enamel, most nonabrasive clean-
ers prove effective. Most detergents work well; after clean-
ing, however, the lens must be rinsed. Glass reflectors may
simply be wiped dry.

Plastics. Plastic should not be dry wiped after application
of a rinse solution because this causes the formation of elec-
trostatic charges. Also, plastic should not be drip dried, as
this results in streaks. The most effective method of drying
plastics is vacuuming. Most common detergents do not pro-
vide a high degree of permanence in their antistatic protec-
tion. Some antistatic compounds with greater permanence
are available.

CLEANING EQUIPMENT

Cleaning, group relamping, and new equipment installation
can be performed more efficiently with proper equipment.
Caution: Proper safety training should be given for all main-
tenance equipment.

Ladders and Stilts. Ladders are often chosen for their low
weight, low cost, and simplicity (Figure 28-3). Safety, mo-
bility, and height restrictions limit their use, however. Alu-
minum or other conductive ladders must not be used. Wood
or fiberglass ladders should only be used if they are OSHA
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Figure 28-3. A ladder is used to change a ballast.

approved. Stilts can also be used for maintenance in spaces
with relatively low ceilings (Figure 28-4).

Scaffolding. Portable scaffolds are generally safer and more
mobile than ladders. Scaffolding provides more room for
equipment and firm footing for technicians. Scaffolds gener-
ally should be light, sturdy, adjustable, mobile, and easy to
assemble and dismantle. The right type of scaffolding often
depends on special requirements, such as mounting on un-
even surfaces or clearance of obstacles such as tables or ma-
chines. In all aspects, the scaffold must conform to OSHA
standards.

Telescoping Scaffolding. The telescoping scaffold (Figure
28-5) provides a quick and versatile method for reaching a
variety of mounting heights. This equipment, which comes
in various sizes, has platforms that can be raised and low-
ered either manually or electrically.

Personnel Lift. The personnel lift has proven itself as one of
the quickest and most efficient maintenance devices (Figure
28-6). The platform is raised and lowered automatically.
Some types of personnel lifts can be driven from the plat-
form.

Bucket Truck. The bucket truck (Figure 28-7) is used in
many outdoor applications, such as sign lighting, street
lighting, and parking lot lighting.

Disconnecting Hangers. Disconnecting hangers allow the
technician to lower the luminaire to a convenient work level
(Figure 28-8). The luminaire’s electrical circuit connection
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Figure 28-4. Stilts used for maintenance in spaces with low
ceiling heights.

is automatically disconnected for safety. When the luminaire
is raised after the work is complete, the hanger positions the
luminaire and reconnects the electrical circuit automatically.

Lamp Changers. Lamp changers simplify lamp replace-
ment. They grip lamps either mechanically or with air suc-
tion. Lamp changers usually are on a pole and are used from
the ground (Figure 28-9).

Catwalks, Cranes, and Cages. These types of equipment
can be incorporated as an integral part of the lighting system
for servicing (Figure 28-10). They enable luminaires to be
maintained speedily and safely. Power to a crane must be
turned off before lighting maintenance is begun.

Vacuum Cleaners. A vacuum cleaner is used to remove
dust from luminaires. While some dirt can be removed this
way, the luminaire should also be washed. The use of a vac-
uum cleaner is effective for industrial and commercial indi-
rect luminaires.

Ultrasonic Cleaning. Ultrasonic cleaning requires that per-
sonnel be adequately trained so that they do not damage the
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Figure 28-5. Telescoping scaffold.

surfaces. This method removes dirt and dust from metals,
plastics, glass, and other materials by using high-frequency
sound waves. A generator, a transducer, and a suitable tank
constitute the ultrasonic cleaning system. The generator pro-
duces high-frequency electrical energy, which the tank-
mounted transducer converts to high-frequency sound
waves. These sound waves travel through the cleaning solu-
tion and cause cavitation, the formation of countless micro-
scopic bubbles, which grow in size and then violently col-
lapse. This phenomenon creates a scrubbing action that
rapidly and forcefully removes dirt from the material im-
mersed in the solution. Ultrasonic cleaning proves very ef-
fective with parabolic louvers. Metallic louvers, however,
may be damaged by this method over time. Parts should be
rinsed in deionized water after ultrasonic cleaning.

TROUBLESHOOTING AND MAINTENANCE
TIPS

Planned lighting maintenance entails more than simply chang-
ing lamps and cleaning. It is also an opportunity to efficiently
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Figure 28-6. Mobile platform lift.

locate and repair defective or broken components causing sys-
tem problems. See Chapter 6, Light Sources, for diagrams and
explanations of the circuits described in this section.

Caution: Follow manufacturer and government environ-
mental guidelines for proper disposal of lamps and ballasts.

Preheat Fluorescent Lamp Circuits
Troubleshooting

1. Replace existing lamps with lamps known to be op-
erative.

2. Use only lamp types that are listed on the ballast la-
bel. Check to make certain lamps can be used on
preheat circuits.

3. Replace existing starters with starters known to be
operative and of proper rating. Refer to Chapter 6,
Light Sources, for a description of the various
types and the features of each.

4. Check luminaire wiring for incorrect connections,
loose connections, or broken lampholders or wires.
Refer to the wiring diagram printed on the ballast.

Figure 28-7. Bucket truck.

5. Check the ballast to see if the label agrees with the
application with regard to temperature limitations
and lamps. Replace the ballast if faulty or inappro-
priate.

Maintenance Hints

* Deactivated lamps should be replaced as quickly as
possible. Cycling lamps cause abnormal flow cur-
rent in the ballast, which causes ballast heating and
reduces ballast life.

« Lamp cycling also reduces starter life.

Rapid-Start Fluorescent Lamp Circuits

Constant heater current is essential for proper starting of all
rapid-start lamps. It is also essential for proper lamp opera-
tion.

Troubleshooting

1. If a lamp requires 5 to 6 seconds to start, one elec-
trode may not be receiving the cathode heating cur-
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Figure 28-8. Disconnecting and lowering hangers.

Figure 28-9. Pole lamp changer.

rent. This usually produces excessive darkening of
that end of the lamp, which is visible after a short
period of operation. With lamps removed from the
sockets, check heater voltages with available
testers. If a voltmeter is used, a 10-), 10-W resis-
tor should be inserted in parallel with the meter.
The meter should measure at least 3 V. If proper
voltage is found, check for poor contact between
lamp holder and base pins or contacts on the lamp.
Also check for proper spacing of lampholders. If
no voltage is measured, check for open circuits
caused by poor or improper connections, broken or
grounded wires, or an open heater circuit on the
ballast. Verify that the wiring conforms exactly to
the ballast label diagram.

2. If one lamp is out and the other lamp is operating at
low brightness, or if both lamps are out, only one
lamp may have failed. Refer to the circuit diagram
in Chapter 6, Light Sources, and note that two-
lamp magnetic and some electronic circuits are of a
series design.

3. Replace the ballast if the output voltage is not
within its rated voltage, or if no voltage is present
after determining that the input voltage to the bal-
last is correct. Figure 28-10. Maintenance cage.
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Maintenance Hints

* Failed lamps should be replaced as quickly as possi-
ble. Rapid-start lamps require both heater current
and starting voltage for proper operation. If either is
missing, poor starting or short lamp life results. In a
two-lamp circuit, one lamp can fail so that the sec-
ond lamp operates at reduced current. This condition
reduces the life of the second lamp.

Lamps should be kept reasonably clean. All rapid-
start lamps are coated with a silicone to provide reli-
able starting in conditions of high humidity. How-
ever, dirt can collect on the lamp surface and then
absorb moisture when the humidity is high, thus nul-
lifying the silicone coating and making the starting
unreliable.

Instant-Start Fluorescent Lamp Circuits

Two-lamp circuits can be of either lead-lag or series-se-
quence design. Lead-lag ballasts operate lamps in a parallel
circuit, meaning that if one lamp fails, the other should con-
tinue to operate properly. Series-sequence ballasts operate
lamps in series, meaning that if one lamp fails, the other fails
or glows dimly. Some multilamp electronic ballasts for T-8
lamps are of instant-start design. Only the failed lamp is in-
operative in this case.

Troubleshooting

1. Replace existing lamps with lamps known to be op-
erative.

2. Check lampholders for broken or burned contacts
or discolored plastic in the holders, indicating high
temperature. Check circuit for improper or broken
wires. Refer to the wiring diagram on the ballast.

3. If the ballast is suspected of being defective, replace
it with one known to be operative. Measurement of
output ballast voltages in the luminaire is difficult
because the primary circuit of the ballast is automat-
ically disconnected when a lamp is removed. Refer
to the circuit diagram in Chapter 6, Light Sources.

Maintenance Hints

* Deactivated lamps should be replaced as soon as
possible. In a two-lamp series magnetic circuit, one
lamp can fail so that the second lamp operates at low
brightness. This condition reduces the life of the
second lamp and also causes an abnormal current to
flow in the ballast, giving rise to ballast heating and
a reduction in ballast life.

Flickering instant-start or “slimline” lamps, which
show heavy end blackening, should be replaced,
even if the lamps still light. This condition is known
as lamp rectification and causes reduced ballast life
if it is allowed to persist.

Incandescent Lamps

Troubles with incandescent lamps are usually the result of
misapplication, improper operating conditions, or poor
maintenance. Apply the hints below to avoid most problems.

Maintenance Hints

* Overvoltage operation. Overvoltage operation dras-
tically shortens lamp life. For example, a 120-V
lamp operated on a 125-V circuit suffers a 40% loss
in life. Refer to Chapter 6, Light Sources.

Shock and vibration conditions. Under such condi-
tions, the use of vibration-service or rough-service
lamps is recommended. The use of general-service
lamps under these conditions results in short life.
Sockets. High-wattage lamps should not be operated
in sockets designed for that wattage, or else exces-
sive lamp and socket temperatures may result. Ex-
cessive temperatures may affect lamp performance
or may shorten the life of insulated wire and sockets.
Luminaires. Only the proper lamps for which the lu-
minaire was designed should be used. Contact of
any metal part of a luminaire with a hot lamp may
result in violent failure of the lamp.

Cleaning lamps. A wet cloth should not be used to
clean a hot lamp. A violent failure may result.
Proper burning position. Lamps should be operated
in their proper burning position as specified by the
lamp manufacturer. Operation of the lamps in the
wrong position can cause a lamp to fail prematurely.
Replacing lamps. Whenever possible, lamps should be
replaced with the power switched off; otherwise, an
arc between the lamp base and the socket can occur.
Tungsten-halogen lamps. These lamps should al-
ways be installed with the power switched off. It is
also recommended that the bulb be held with a clean
cloth or tissue or gloves to avoid fingerprints that
can cause bulb discoloration, reduction in light out-
put, short life, and, possibly, violent failure. Follow
lamp manufacturers’ instructions on the carton.
Dichroic reflector lamps. Certain lamps utilize a
dichroic reflector designed to radiate heat back
through the reflector portion of the bulb. Luminaires
using these lamps should be ventilated or provided
with adequate cooling of the socket and wiring adja-
cent to the bulb.

Metal Halide Lamps

Troubleshooting

1. Many metal halide lamps should be used only in
specified operating positions, or else short life and
improper light output and color will result.

2. The time to restart after a short power interruption
can be much longer than it is for mercury lamps.
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3. It is normal for metal halide lamps to have a short structure are connected to power, and touching them causes
delay between the time the circuit is energized an electric shock. Always follow OSHA guidelines.
and the time the lamp starts.

4. Slight color shifts from lamp to lamp are charac- Malionenes. Hine

teristic of metal halide lamps. Also, one to two ¢ If a metal halide lamp is to be moved from one lumi-
days of operation may be required to stabilize the naire to another, keep it in the orientation in which it
color of a lamp and the uniformity among a group was installed while transferring it. If the lamp is ro-
of lamps tated, color can vary.
Caution: Follow lamp manufacturers’ recom- « Operate metal halide lamps only in their allowed op-
mendations with respect to metal halide lamp op- erating positions.
eration in open or enclosed luminaires. « If multiple-tapped ballasts are used, check to be sure
5. Replace the lamp with one known to be operative. that the tap matches the supply voltage to which the
Be sure the operative lamp is cool, because hot ballast tap is connected. Connecting a given line
lamps do not restart immediately. voltage to a tap marked for a higher voltage gives
6. Check that the lamp is properly seated and that its low light output due to underwattage operation.
base eyelet and shell make proper contact in the Connecting it to a tap marked for a lower voltage
lampholder. causes poor lamp lumen maintenance and short
7. Check the ballast nameplate. Make sure that bal- lamp and ballast life due to overwattage operation.
last and lamp designations match. Refer to the * The line voltage should be nearly constant. A variety
system of lamp and ballast designations devel- of ballast types are available that provide an appro-
oped by the lamp industry and American National priate percentage of lamp wattage regulation with
Standards Institute (ANSI). respect to the percentage of line voltage variation.
8. Check the ballast wiring. If a multiple-tapped pri- » Lamp-and-ballast combinations must be chosen so
mary-winding ballast is used, be sure the con- that their electrical characteristics match. This can
nected tap matches the supply voltage. be assured by following the system of lamp and bal-
9. Check the supply circuit wiring for open circuit or last designations developed by the lamp industry
incorrect connections. and ANSI. Incorrect matching of lamp and ballast
10. Replace the ballast if no output voltage can be ob- may result in short life and equipment damage.
tained and make sure that the line voltage is prop-  Lamps should be handled carefully. Rough handling
erly connected to the ballast input terminals. can cause scratches or cracks in outer glass envelopes,
11. If a lamp fails prematurely, especially if it does so resulting in short lamp life and possible injury.
repeatedly in the same way in the same luminaire, Caution: Even if the outer envelope of a lamp is
check for the following: broken or punctured, the arc tube may continue to
a. Cracks or breaks in the bulb. These allow air to burn for many hours. Turn off the power and replace
enter the lamp and cause arc tube seal failure. the lamp immediately. Certain types of lamps are
They can be caused by rough handling, by con- available that automatically extinguish if the outer
tact with metal surfaces of a bulb changer or envelope is broken or punctured.

metal parts of the luminaire, or by water
droplets falling on a hot lamp.

b. Overly blackened or swollen arc tubes. This in- High-Pressure Sodium Lamps

dicates excessive lamp current and overwattage Troubleshooting

operation (see items 7, 8, and 9 above). Also,

the ballast may have failed due to a component 1. Follow steps 5 through 10 listed for metal halide
failure, such as a shorted capacitor or core lamps.

winding.
If the power is lost in an HID ballast-lamp combi-
nation for even a few cycles, the lamp extin-
guishes itself and then has to cool down some-
what, reignite, and warm up again before reaching
maximum light output.

Caution: To prevent electric shock hazard, always turn off
the power before removing or installing lamps. This is espe-
cially important when removing lamps that may have
cracked or broken outer envelopes. Unless the power is
turned off, the exposed metal parts of the internal lamp
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2. If lamps fail prematurely, especially if they do so

repeatedly in the same way or in the same lumi-

naire, check the following:

a. Cracks or breaks in the bulb (see item 1 1a under
“Metal Halide Lamps™).

b. Excessive discoloration of the arc tube or a
metallic deposit on the inside walls of the outer
envelope, which may indicate overwattage op-
eration (see items 7, 8, and 9 under “Metal
Halide Lamps”). Also, ballast components may
have failed; for example, a capacitor or a core
winding may be shorted.
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3. A high-pressure sodium lamp must be started with
an ignitor. If both the old and a known good lamp
fail to start, steps must be taken to determine if the
ignitor or the ballast or perhaps both are defective.
First make certain that the proper line voltage is
correctly connected to the ballast input. Obtain a
ballast tester or voltmeter, and follow the manufac-
turer’s instructions to determine the defect. Do not
connect a voltmeter or multimeter to an open or in-
operative high-pressure sodium socket. The high-
voltage pulse from the ignitor will damage the meter.

Maintenance Hints

e Follow the third through sixth bullets for metal
halide lamps.

* High-pressure sodium lamps have a vacuum in the
space between the ceramic arc tube and the outer en-
velope. Handle these lamps carefully, since vacuum
lamps are known to make a loud noise if the glass
should break when dropped.

* In case the outer envelope breaks during lamp oper-
ation, UV emission is not a problem,

Caution: To prevent electric shock, always turn the power
off before removing or installing a lamp. This is especially
important when removing lamps that may have cracked or
broken outer envelopes. Unless the power is turned off, the
exposed metal parts of the internal lamp structure will be

live, and touching them will cause an electric shock.

Mercury Lamps

Follow the recommendations and all cautionary measures
given for metal halide lamps, because these generally apply

to mercury lamps.

Low-Pressure Sodium Lamps

Troubleshooting

1. Replace the lamp with a lamp known to be opera-
tive.

2. Check the lampholder for proper lamp seating and
contact.

3. Check the ballast nameplate reading for compati-
bility.

4. Check the ballast wiring. If a multiple-tapped bal-
last is used, be sure the ballast tap matches the sup-
ply voltage at the ballast.

5. Check the circuit wiring for open circuit or incor-
rect connections.

6. Check the grounding of the luminaires.

. Replace the ballast.

8. If lamps fail prematurely, check for the following:
a. Lamp breakage. Check lamps for cracks or

scratches in the outer bulb. These can be caused
by rough handling, by contact with metal sur-

-]

faces in the bulb changer or luminaire, or by
moisture falling on an overheated bulb.

b. Bulb touching the luminaire, lampholder, or any
hard surface.

9. If the arc tube is cracked, blackened, or swollen
early in life, or if the connecting leads inside the
outer bulb are damaged, check for the following:

a. Overwattage operation. Check the ballast rat-
ing, the voltage at the ballast, and whether the
proper tap on the ballast is being used.

b. Excessive current, Check if the ballast is
shorted. Check for possible voltage surges or
transients on the supply line.

Caution: Do not replace the lamp until the circuit is checked
and the cause of the trouble has been corrected.

Maintenance Hints

¢ If multiple-tapped ballasts are used, check to be sure
the tap matches the supply voltage at the ballast.
Low voltage causes low light output, poor lumen
maintenance, and reduced lamp life. High voltage
causes short lamp life.

* The circuit should be free from voltage fluctuations.
Replacement ballasts should match the particular
voltage, frequency, and lamp type.

* The proper lamp type should be used for the ballast.
Incorrect matching of lamp and ballast may result in
short lamp life or lamps going on and off repeatedly.

* Lamps should be handled carefully to avoid breakage.
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Emergency, Safety, and

Security Lighting

EMERGENCY LIGHTING

The designer faces no greater challenge and, possibly, no
more important responsibility than making provisions for
reliable emergency lighting. In many situations occupants of
a building need to evacuate for such reasons as fire and
power failure. These occasions can become dangerous if
proper emergency lighting is not available or is inadequate.
Therefore, it is the designer’s responsibility to provide ade-
quate egress route illumination and informational signage.
Likewise, it is the responsibility of building engineers, own-
ers, and property managers to ensure that these systems are
properly installed and maintained.

Not every lighting failure is associated with a need for
rapid evacuation, and not every evacuation is accomplished
without utility power. Nevertheless, emergency lighting is
required at all times. Such factors as the presence of smoke,
the operation of sprinkler systems, hazards presented by
manufacturing equipment or architectural features, and
physical disabilities or special needs of building occupants
can compromise the effectiveness of simple lighting solu-
tions. The egress lighting system design must anticipate the
full range of possible conditions.

Collaboration among the lighting designer, engineer,
building owner, occupants, architect, fire officials, and utili-
ties is highly recommended as a means of understanding and
planning for the variables that might interfere with the effec-
tiveness of building egress. These variables should be ad-
dressed early in the building design stage so that the emer-
gency lighting system can be most effectively integrated
with the design of other building systems.

The purpose of this chapter is to provide assistance in
identifying these important design considerations and to
make emergency lighting recommendations. Several terms
are unique to emergency lighting, and definitions can be
found in the Glossary.

Many of the recommendations in this chapter also apply
to emergency lighting in mines; aircraft, ships, and other ve-
hicles; and outdoor structures such as oil drilling platforms.
For more information see Chapter 23, Transportation Light-
ing, and Chapter 19, Industrial Lighting.

29-1

Codes and Standards

The designer should become familiar with the applicable
codes in the project jurisdiction before designing emergency
lighting systems. These codes have been developed through a
number of government and private organizations, including
the National Fire Protection Association (NFPA), National
Research Council Institute for Research in Construction
(NRC/IRC, Canada), U.S. Uniform Building Code (UBC),
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U.S. Southern Building Code Congress International
(SBCC), Canadian Standards Association (CSA), Canadian
Occupational Safety and Health Board (COSHA), Building
Officials and Code Administrators International (BOCA),
Commission internationale de I'Eclairage (CIE) and Under-
writers Laboratories (UL), Federal Aviation Administration
(FAA), and the Occupational Safety and Health Administra-
tion (OSHA). Other sources to consult are Department of
Health and Human Services guidelines, local or state board
of education requirements, Americans with Disabilities Act
(ADA), local fire departments, and fire marshall offices as
applicable to the occupancy. Some documents represent
guidelines that contain no specific mandates to the designer.

Design Considerations for Emergency
Egress Lighting

llluminance. By itself, illuminance is not an adequate mea-
sure of visibility because it refers only to the quantity of
light falling on a surface and not the amount reflected back
to the eye. Luminance is more closely correlated with visi-
bility (see Chapter 3, Vision and Perception); however, lumi-
nance is more difficult to predict and specify for emergency
lighting applications. Nevertheless, illuminance does influ-
ence the speed of egress from furnished and cluttered
spaces,' as illustrated in Figure 29-1.* Furthermore, an av-
erage illuminance of 0.5 Ix might provide sufficient visibil-
ity to permit people to exit without colliding with furniture
and other obstacles when illuminance distributions are ap-
proximately uniform (i.e., E s/E T

Some codes and regulations specify average rather than
minimum illuminance requirements, as given above. Aver-
age illuminance is often meaningless when illuminance dis-

1.2 =

Evacuation rate (m/s)
o
o]
|

0.0 L 1 ! 1 1
0.01 0.1 1 10 100 1000

Mean floor illuminance (lux)

Figure 29-1. Rates of evacuation of both older and younger
people in cluttered spaces.
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tributions are not uniform to the degree often found in emer-
gency lighting installations. For emergency lighting, mini-
mum illuminance is a more relevant criterion than average
illuminance.’

The minimum recommended illuminance at the beginning
of emergency operation is 10 Ix (1 fc) along the centerline of
the path of egress and 1 Ix (0.1 fc) along a one meter band
throughout the means of egress. The maintained horizontal
illuminance measured at all points along the means of egress
outside the one meter band should be at least 0.5 1x (0.05 fc)
whenever emergency lighting is required. In addition, such
hazards as steps, curbs, slopes, and obstacles should be illu-
minated in accordance with Figure 29-2. These values should
be increased whenever the effective reflectances of ceiling,
wall, and floor are less than 0.5, 0.1, and 0.1, respectively.

Health care facilities require more illuminance in emer-
gency situations to provide life support services to patients.
The recommended illuminances for critical care areas
should be maintained during emergency situations.’

The designer should remember that published isolux (or
isofootcandle) distribution curves for directional sources
(e.g., incandescent PAR lamps) are typically for a plane per-
pendicular to the lamp axis. The equipment is usually aimed
at angles off the vertical, so the cosine of the angle must be
used to calculate surface illuminance. For example, if the
lamp is aimed 75° from vertical, the horizontal illuminance
is reduced approximately five-fold (i.e., 1/cos[75°]).

It is also important to note that zonal cavity methods or
point-by-point illuminance calculations are generally not
applicable when making calculations for emergency lumi-
naires. Layouts of emergency luminaires are often too
widely spaced, and therefore too nonuniform, for these
methods to be valid. See Chapter 9, Lighting Calculations,
for specific information regarding lighting calculations.

Duration. Occupant evacuation times depend on the size
and complexity of the space. Codes specify minimum oper-
ating periods for emergency lighting from 30 min to 8 h,
with 90 min being the most common. Relevant codes such
as BOCA, NFPA, and local codes should also be consulted.

Figure 29-2. llluminance Levels for Safety

Hazards Requiring

Visual Detection Slight High
MNormal Activity
Level Low High Low High
lluminance Levels
Lux 5.4 11 22 54
Footcandles 0.5 1 2 5

These values represent absolute minimum illuminaces at any time and lo-
cation where safety is related to visibility. However, in some cases higher levels
may be required (such as where security is a factor). In other conditions, espe-
cially involving work with light-sensitive materials such as photographic film,
much lower illuminances must be used. In these cases, alternate methods of
ensuring safety must be employed.
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The designer should also give consideration to extending
the operating time if unusual conditions may exist. Such cir-
cumstances might include a high occupancy rate by older
persons, occupancy by the physically disabled, restaurants,
and facilities requiring a long shutdown process.

The light output of battery-backed emergency lighting
systems declines during the course of operation. Illumi-
nance levels should be designed so that they do not fall be-
low the required levels throughout the minimum operating
period. In the United States, the National Electrical Code
(NEC) requires that a minimum of 60% of the initial illumi-
nance be maintained.’

llluminance Uniformity. Minimum uniformity require-
ments help assure safe and rapid movement along the path
of egress. A maximum illuminance ratio (E,, /E, . ) of 10:1
provides excellent uniformity for safe movement. Ratios in
excess of 40:1 can be suitable, but this ratio should be mini-
mized wherever possible. Illuminance uniformity is more
easily achieved by using a greater number of luminaires
with lower light output than by employing fewer but more
widely spaced luminaires with higher light output.

Hazard Visibility. Specification of floor-level illuminance is
not adequate for proper illumination of all hazards. All verti-
cal surfaces along the means of egress should be illuminated
to assist in defining the escape route. Vertical surface illumi-
nation increases the occupant’s confidence that obstructions
and hazards are visible, and increased confidence con-
tributes to improving evacuation speed. Any area in which a
change in direction or floor level occurs along the path of
egress can be considered as a hazard area (Figure 29-3).
Some examples of such hazard areas are:

Figure 29-3. Example of a change in direction requiring an
exit sign.

» Intersections of corridors

* Abrupt changes of direction of the egress path
* Staircases

* Changes of floor level

» Exits and areas adjacent to exits

* Obstructions along the means of egress

Supplemental Path Delineation. Photoluminescent paints
and products can be used to supplement electrical lighting
evacuation systems."" They should not be used as the pri-
mary emergency lighting system. They can be applied to
hazards, office furniture, baseboards, door frames, stairs,
and walls to delineate the egress paths in the event of com-
plete power failure and allow the evacuee to develop a more
coherent image of the space. Illumination should be pro-
vided to these products over an extended period to keep the
photoluminescent pigments activated. Some products re-
quire at least 100 Ix, 24 hours per day, to remain completely
activated, and they vary greatly in terms of luminance and
persistence. Materials based on strontium aluminate photo-
luminescent pigments maintain a brighter level of discharge
for a significantly longer period than those based upon zinc
sulfide photopigments.'®

lllumination of Fire-Alarm Call Points and Fire-Fighting
Equipment. Fire-alarm call points and fire-fighting equip-
ment (Figure 29-4) along the means of egress should be illu-
minated at all times while the premises are occupied. During
emergency lighting conditions, vertical illuminance at these

Figure 29-4. This wall-mounted sealed-beam unit provides
emergency lighting for fire-fighting equipment (the fire extin-
guisher) as well as the exit approach that should be kept
clear of obstructions (e.g., the barrels shown here).
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Figure 29-5. Overhead troffers, some of which are supplied
with emergency power, are aligned with the path of egress to
more conspicuously delineate the path.

locations should be greater than the immediate surroundings
and at least 10 Ix (1 fc).

Location and Application of Egress Luminaires. Perhaps
the best visual cues for egress come from the egress lighting
system itself (independent of signage). It should be designed
in such a way that it provides a clear, unambiguous, and con-
spicuous indication of the egress path (Figure 29-5). Illumi-
nances on the egress path should be higher than those on im-
mediately surrounding areas to help guide occupants to the
exits. Similarly, relatively high illuminances near the exit
door can make this area conspicuous and quickly identifi-
able.

Coverage. It is important to provide adequate illumina-
tion in all areas that constitute the means of egress. Exit ac-
cess and discharge areas are frequently difficult to define
with certainty, but agreement can and should be reached be-
tween the designer and the authority having jurisdiction
(AHJ). It is also important to remember that the exit dis-
charge extends outside the building and that luminaires ap-
propriate for outdoor application are required. Many juris-
dictions also require emergency lighting and exit marking at
all changes of direction of travel, in windowless or under-
ground buildings, and at elevation changes in stairwells or
corridors. Locally applicable codes should always be con-
sulted to verify that equipment is provided in all required lo-
cations.

Glare control. Inadequate glare control can substantially
degrade the value of an emergency lighting system (Figure
29-6). To reduce glare, the designer should specify lumi-
nance as well as mounting and aiming angles that minimize
glare. The lower the mounting height, the greater the proba-
bility of disability glare. Mounting locations and aiming an-
gles should be chosen to position luminaires well off the line
of sight to exit signage. Combining the emergency egress
luminaire with the exit sign at a single location almost cer-
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Figure 29-6. Directional emergency lighting equipment can
create disability glare and compromise the efficiency of evac-
uation. In smoke, luminaires can reduce the visibility of exit
signs along the same line of sight.

tainly causes disability glare, and the exit sign will be ob-
scured if the luminaire is aimed at a high angle to the path
of egress (Figure 29-6). This also helps reduce the effects of
scattered ambient light that would decrease the visibility of
signs in the presence of smoke.*""* Eliminating compet-
ing sources of brightness along the same line of sight also
keeps exit signage conspicuous and easy to locate in clear
conditions.

Shadows. Highly directional light sources and obstruc-
tions, such as partitions or merchandise racks, produce shad-
ows. Body shadows created by evacuees on stairs lighted by
a single directional light source are particularly important to
avoid. Every flight of stairs should be illuminated by more
than one luminaire to minimize shadows on nosings and
treads.

Improperly located luminaires can become ineffective if
the partitions in open-plan offices create shadows along the
means of egress. This problem commonly occurs when par-
titions are moved to accommodate new office layouts.” To
minimize this problem, luminaires that are easy to move or
provide broad general coverage can help to minimize shad-
ows (Figures 29-7a and b).

Smoke. The possible presence of smoke along the path of
egress poses a difficult problem for the designer. The dy-
namics of smoke vary with the burning materials and condi-
tions in the building. Smoke varies in temperature, color,
rate of development, degree of stratification, particulate con-
tent, and optical density.* All of these properties can hin-
der the effectiveness of the egress lighting system. See Fig-
ure 29-8a and b for an example of the performance of an
exit sign in flame and smoke conditions.

Given the inherent variability and instability of smoke,
recommendations for emergency lighting during smoke-
filled conditions are currently limited. Not all equipment is
tested or designed to operate in smoke or fire conditions.
However, data and specification do exist on exit sign visibil-
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Figure 29-7. a. An exit sign, partially concealed within an alcove formed by a new wall featuring a bulletin board. These pho-
tographs (a and b) were taken in a jurisdiction that permits the placement of signs to the left of doors, as in this example. The nar-
row, obstructed, ill-defined exit route is a problem. Likewise, light from the fluorescent luminaire directly above the sign greatly re-
duces the visibility of the sign in smoke. b. A close-up view of the sign reveals that the lettering height and spacing between
characters are compromised at the expense of visibility, especially when viewed from a distance by a visually impaired person or

through smoke, as discussed below.

ity in smoke.”? Refer to the section “Design Consideration
for Exit Markings” below.

One promising design avenue in this regard is a supple-
mental lighting delivery system mounted near the floor (see
the section “Floor Proximity Path Marking”™ below). Such
systems can light the path while avoiding light absorption
and scattering in smoke stratified at higher levels. In addi-
tion, such equipment delineates the path for the evacuee

crawling beneath the smoke layer. Pathmarking systems can
improve the evacuation speed in smoke-filled conditions.”

Areas outside the egress path. Some codes require light-
ing outside the egress path. A well-designed emergency
lighting system should include illumination in areas that
might enhance the safety and functionality of the building
during loss of power. Examples of such applications in-
clude:

b

Figure 29-8. a. Exit sign visible in smoke-free fire. b. Exit sign nearly obscured in smoke. Visibility is greatly reduced by the glare

from the overhead luminaire.
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+ Public restrooms

= Generator rooms

= Elevator equipment rooms

¢+ Cold storage rooms

= Computer and communications equipment rooms
= Tool storage and maintenance facilities

* Classrooms

» Manufacturing areas

* Electrical equipment rooms

* Health care facilities

* Hazardous manufacturing equipment
 Underground corridors and other windowless space
» Areas of refuge, areas of rescue assistance

Interiors. In the United States, the Americans with Dis-
abilities Act (ADA)* prohibits wall objects such as lumi-
naires from projecting more than 10 cm (4 in.) into walks,
corridors, hallways, or aisles when these objects are
mounted between 67 and 200 cm (27 and 80 in.) above the
finished floor. Emergency egress luminaires that are wall
mounted, such as compact fluorescent sconces, should be
checked for their protrusion into the egress path whenever
they are to be mounted within this zone. Exit signs should
also be located above the upper limit of this zone. Under the
ADA and other state and local codes, the designer should be
aware of special areas that might require additional emer-
gency lighting, such as toilet facilities.

Night-light circuits, which are used to provide minimal
light during unoccupied times, are commonly used when the
designer selects unitary battery equipment or other normally
off systems (units that are powered only during power fail-
ure) for emergency lighting. The “normally off” systems do
not provide egress or ambient illumination when interior lu-
minaires are turned off and the building is occupied by secu-
rity or maintenance personnel. These night-light circuits
need not be part of the emergency lighting system, but as a
minimum should meet recommendations for egress lighting.

Ceiling soffits and bulkheads can completely block emer-
gency sources. The designer should coordinate the location
of these luminaires with the reflected ceiling plans and con-
firm with the architect. Minimum ceiling clearances in
egress corridors are prescribed by NFPA, BOCA, and ADA.
The designer should locate egress luminaires, especially
sealed beam lamps, so that they are not obscured by soffits,
bulkheads, or suspended luminaires and do not protrude be-
low the minimum headroom set by codes. Supplementary
egress luminaires might be necessary if examination of lines
of sight along a corridor shows that bulkheads, building sig-
nage, or suspended luminaires obstruct the function of emer-
gency egress luminaires and exit signs.

General-purpose luminaires that contain emergency
lamps or that are entirely dedicated for emergency lighting
should be marked as being part of the emergency lighting
system.” These markings, which could be in the form of a
red dot or a distinct label, should appear on the exterior of
the luminaires so as to be readily apparent. The markings
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would help in giving the luminaires priority for maintenance
and in giving them due consideration when reorganizing the
space.

Exposed unit equipment and central dc systems are not
always compatible with the interior design of a space. In ad-
dition, certain jurisdictions do not permit the use of con-
cealed emergency equipment such as fluorescent inverters.
Other options should be explored for spaces where exposed
equipment is not desired. Some equipment, which is manu-
factured to be concealed behind a ceiling panel during nor-
mal operation, releases and energizes the lamps during
emergency operation or power loss. Where the appearance
of battery-operated equipment or the concealed ceiling pan-
els is objectionable, a generator or inverter system can
power selected luminaires that are “normally on” and inte-
gral to the lighting system. Any concealed sources should be
identified after installation to help ensure that building
maintenance personnel know which luminaires provide
emergency egress lighting.

Failure of one emergency luminaire should never leave a
space in total darkness. In stairwells, alternating a normal
source with an emergency source at each landing should
provide a reliable system. Emergency egress lighting cir-
cuits should not be switched, except where the controls are
accessible only to an authorized person as defined by the
AHJs or the local codes in effect.

In places of assembly, such as theaters and auditoriums,
some jurisdictions permit egress illuminance to be reduced
to 2 1x (0.2 fc) during performances or projections but re-
quire 10 Ix (1 fc) or greater at all other times. Manufacturers
of dimming or other control systems can provide an emer-
gency transfer module or contactors to transfer selected lu-
minaires to “full on” upon failure of the normal power
source to the dimming control cabinet. In this way the emer-
gency luminaires can become an integral part of the lighting
system and function with the nonemergency luminaires.
This requires voltage sensing of the source available to the
dimming closet.

Exteriors. Most codes enforced by the local AHJ require
an emergency “white light” at the exit discharge from a
building. This source provides the transition from the inte-
rior egress path to the exterior. The exterior source should
provide a minimum of 10 Ix (1 fc) at the exit. Currently,
there is no distance requirement for emergency lighting be-
yond the exit discharge; however, it is recommended that the
transition area from the exit discharge to the exterior areas
surrounding the exit discharge be illuminated in accordance
with IESNA recommendations for pathways (see Chapter
21, Exterior Lighting). The exit discharge does not always
lead to a sidewalk or normal building entrance, but instead
leads from a discharge or stairwell directly onto grade. The
emergency lighting system used at the exit discharge should
be capable of reaching full output within 10 seconds after a
loss of power.

Exterior sources should be located either above the door
or to one side to reduce glare. Different sources are available
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to accomplish exit discharge lighting, and the designer
should select the appropriate source for the application.

Incandescent lamps are short lived but can be a good
choice when used only as an interim source during high-
intensity discharge (HID) lamp restrike times or in a low-
voltage dc battery-powered source during power failures.
Egress lighting might be required to be on during all times
of occupancy, not just during power failures, requiring the
use of a battery-powered source in conjunction with a “nor-
mally on™ source. This normally on source should have long
life, as do HID or fluorescent sources. With any power fail-
ure, the HID arc extinguishes, so the restrike time must be
covered with either a backup instant on lamp or instant re-
strike lamp.

Low ambient temperatures affect lamp lumen perfor-
mance of some fluorescent lamps (see Chapter 6, Light
Sources). The proper ballast and lamp must be specified for
the expected temperature range.

Environmental conditions such as damp, wet, and haz-
ardous locations require the additional consideration of the
suitability of the equipment for use in such locations. The
AHJs usually refer to the listing or labeling practices of a
product testing and certification organization, acceptable to
them, in determining the acceptability of the installation.
The listed or labeled equipment should be marked for use in
these locations.

Partially protected exterior locations under canopies,
marquees, and roofed open porches, as well as interior loca-
tions subject to moderate degrees of moisture (such as some
basements, some barns, and some cold storage warehouses),
constitute damp locations. Exterior locations, exposed to
weather and unprotected, and interior locations, subject to
saturation with water or other nonflammable liquids (such
as vehicle washing areas), are classified as wet locations.
These locations include roofs near mechanical and elevator
penthouses where exit signs are required in some jurisdic-
tions. Locations where fire or explosion hazards might exist
due to flammable gases or vapors, flammable liquids, com-
bustible dust, or ignitible fibers in the air constitute haz-
ardous locations.

Normally on exterior luminaires can be controlled by
photocells and time clocks to conserve energy during unoc-
cupied periods and daylighted hours. These luminaires can
also be controlled by the building energy management con-
trol systems, but their circuiting must be kept separate from
the building’s normal power circuits.

Many interior and exterior locations require equipment
that is safe from tampering and vandalism. Schools and
many outdoor locations are examples of applications often
requiring vandal-resistant equipment (see Chapter 12, Edu-
cational Facilities Lighting, and Chapter 21, Exterior Light-
ing). In addition, many schools incorporate interior court-
yards that are exposed to the weather but totally enclosed by
the building walls. These enclosed areas are often required
to contain a path of egress back into the building. The en-
trances from the courtyard into the building should be

marked with appropriately listed exterior location exit signs.
The doors from the building into the courtyard should not be
marked with exit signs unless the courtyard is specifically
designated to be an area of refuge or rescue assistance.
Close coordination with the AHJ, owner, and architectural
team is required in these special cases.

Emergency Lighting Equipment

Unit Equipment. Unit equipment consists of a self-con-
tained rechargeable battery, a battery charger, a battery sta-
tus indicator, a transfer device, a test switch and pilot lamp,
and provisions for either integral or remote lamps or both.
This equipment charges a battery when normal ac power is
available and transfers battery power to the emergency light
source during a power failure. These luminaires operate only
during normal power failures. Both halogen and incandes-
cent sealed beam types and a variety of low-voltage lamps
and reflector combinations are used as sources in these lu-
minaires. Most unit equipment operates at 6 or 12 V dc, with
the higher voltage preferred when remote lamps are used.
Other voltage systems are becoming available.

Unit Inverter. The fluorescent lamp unit inverter system
consists of a self-contained rechargeable battery, a de-to-ac
or high-frequency inverter, a battery charger, a transfer de-
vice, a pilot lamp, and a test switch. During a power inter-
ruption, it operates one or more fluorescent lamps from an
internal battery by converting dc power to ac power at a fre-
quency of 60 Hz or higher. When the power is returned, bat-
tery charging occurs.

Fluorescent lamp unit inverter systems operate the lumi-
naires used for general lighting in a building. Most units fit
into the luminaire ballast channel (Figure 29-9). High tem-
peratures in this space can shorten the life of the battery. An
externally mounted system should be specified if high tem-
peratures are expected.

Figure 29-9. An example of a battery-inverter unit mounted
in a suspended fluorescent luminaire adjacent to the ballast.
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With fluorescent lamp unit inverters, the required test
switch and pilot light should be easily visible. Some manu-
facturers conceal the test switch and pilot light behind a dif-
fusing panel, making these items less apparent for perform-
ing maintenance and identification.

The combination of unit inverter and lamp should also be
compatible. Inverters that accommodate different lamp
types provide different lumen outputs that can be a low per-
centage of the initial lamp lumens.

Central dc Systems. A normally off central dc system con-
tains a battery, a battery charger, a test switch, a transfer de-
vice, and a pilot lamp. The system powers remote incandes-
cent lamps and dc lamps in exit signs during a power
interruption. Normal emergency supply voltages are 12-, 24-,
and 120-V dc. Other systems using 32, 36, and 48 V still exist.

Lamps for dc systems can be any filament lamp of equal
voltage rating. However, most commonly available 24-, 32-,
36- and 48-V lamps are designed for applications other than
emergency lighting and should be reviewed for life, lumen
output, and future availability.

Central Inverter Systems. A central inverter system con-
tains a battery, a battery charger, a dc-to-ac inverter, and a
transfer means, plus appropriate test and monitoring equip-
ment. The system incorporates electronic devices to convert
battery dc voltage to 60-Hz line voltage. Standard transfer
systems (those with transfer time over 8 ms) can operate in-
candescent and fluorescent lamps without significant off
time. Fast-transfer and uninterruptable power supplies
(UPS) can operate HID sources that need a transfer or “off”
time of 4 to 8 ms or less. These supplies can also power fire-
alarm systems and other crucial 60-Hz equipment. UPS that
are selected for emergency power should comply with the
applicable codes and standards for emergency power; those
that are intended only to maintain computer operation might
not be suitable for operating emergency lighting loads.

Standby Generator. The standby generator includes a
starter battery, a battery charger and a transfer means, plus
test and monitoring equipment. An engine generator pro-
duces 60-Hz line voltage. This kind of system powers incan-
descent and fluorescent lamps and other 60-Hz life safety
loads. It is not suitable for HID unless supplementary incan-
descent or fluorescent sources are used. A standby generator
system provides ac power backup as an emergency source in
large buildings. Check the Life Safety Code? for the maxi-
mum allowable startup time.

Batteries. The emergency lighting power systems described
above use batteries as a source of backup power, except for
the standby generator, which uses a battery for engine crank-
ing. Most commercial emergency lighting systems are avail-
able with a variety of battery types.

A battery consists of one or more connected cells. Batter-
ies used for backup power are rechargeable or “secondary
batteries.” The three categories of rechargeable cells in
emergency lighting systems contain lead-based plates with
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an acid electrolyte, nickel metal hydride with an alkaline
electrolyte, or nickel-cadmium with an alkaline electrolyte.
The major groups of commercially available cells are lead-
acid, lead-calcium, lead-antimony, nickel-metal hydride,
and nickel-cadmium cells.

All batteries except nickel-metal hydride can be manu-
factured as wet type (with liquid electrolyte), and most have
a means for adding water; that is, they require maintenance.
Also in production is a sealed type (starved electrolyte or
gelled electrolyte) that is said to be “maintenance-free.” The
advantages of sealed cells are that they are easy to ship and
virtually eliminate the chance of injury from electrolyte
splash. However, sealed cells have shorter life than well-
maintained wet cells. Wet lead-based cells offer greater plate
thickness and a mid-range specific gravity, both indicators
of longer life. Wet cells are normally used for large-power
applications where trained maintenance personnel are re-
sponsible for their maintenance.

Automobile batteries have different recharge characteris-
tics than those for emergency applications. Automobile bat-
teries last only approximately six months on an emergency
battery charger and therefore should not be used as replace-
ment equipment.

Lead-calcium batteries are best suited for controlled tem-
perature environments. They are usually tested at 25°C.
Colder temperatures can improve their life but reduce their
performance. At elevated temperature, both life and perfor-
mance are reduced.

Nickel-cadmium batteries withstand elevated tempera-
tures much more easily. Different types are required for var-
ious temperature ranges.

Lead-based cells and, to a lesser extent, nickel-cadmium
cells emit hydrogen gas during charging and discharging.
Sealed cells also provide blowout vents in case severe over-
charging occurs. The worst-case hydrogen emission infor-
mation on large battery installation should be checked to
determine whether special ventilation (e.g., exhaust) fans
are needed to avoid hydrogen buildup, which can cause
explosions.

Batteries are classified as short-, medium-, and long-
discharge types. A 90-min operating time corresponds to a
medium discharge rate. Equal initial ampere-hour ratings do
not mean equal battery capacities. Available amperes at a
specific time are the only way to compare battery perfor-
mance. Manufacturer information should be reviewed be-
fore a battery is chosen. Data for discharge rates and opera-
tion times provided by battery manufacturers represent
ideal-temperature performance under the most favorable
charging and discharging conditions. A safety factor should
be added to compensate for conditions other than ideal.

The battery must be compatible with its charger, and it
must operate efficiently in the application temperature range
at the expected maintenance intervals. In addition, the bat-
tery must meet all load requirements. UL-924%, from Un-
derwriters Laboratories, and C22.2 No.141-1985.” from
Canadian Standards Association (CSA), allow the battery to
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reach 87.5% of nominal voltage for maximum current ca-
pacity. In no case can the discharge time be less than 90 min-
utes in the United States and 30 minutes in Canada.

Because batteries are perishable, and because the time
between manufacture and installation can be substantial,
shelf life and no-load recharge intervals are important. For
long intervals without charging after system installation, it is
best to disconnect the battery to prevent deep discharge and
then give boost charges at the recommended intervals. The
following precautions should be carried out when installing
new batteries:

= Store batteries in coolest area prior to installation.

* Check for shipping damage, leaks, dents, cracks,
post damage, and post corrosion.

= Check tabs or posts for bends or separations from
battery case.

* Verify that the battery is suitable for the environ-
ment in which it is installed.

* Check luminaire wiring to and from the battery for
corrosion, frays, and insulation integrity.

¢ Determine when normal building power will be
functional and not interrupted.

» Connect batteries only after normal building power
is continuous.

= If wet cell, check specific gravity and electrolyte
levels.

¢ Install in proper orientation if a sealed battery.

= Install according to manufacturer’s instructions.

* Record the installation date and put the date on the
product.

All batteries require maintenance, including so-called
“maintenance-free” batteries, which, in this regard, differ
only from other batteries in that there is no access to the
electrolyte. Most batteries have rapid output decline without
warning as they reach end of life. Inspections should there-
fore be made at least semiannually or quarterly depending
on the application, ambient temperature, area humidity, and
installation altitude. The following precautions should be
carried out when maintaining batteries:

* Perform visual inspection; check for leaks, cracks,
and corrosion.

= Check battery terminals for corrosion and clean if
necessary.

* Check wet-cell battery vent caps for blockage and
clean if necessary.

e Check electrical connections; tighten hardware
where necessary.

» Check integrity of anticorrosive gels and add more if
needed.

» Check specific gravity and electrolyte level on wet
cells.

e Check wiring to and from battery for corrosion,
frays, and insulation integrity.

* Check the cells closest to the positive terminal in
multicell banks. The most positive cell of the battery
takes the greatest electrical strain; it is the best indi-
cator of a battery’s condition.

Check and record ampere and voltmeter readings at
all charge rates.

Use built-in electronic monitor testing if available;
check self-diagnostics.

Check electronic monitor for correct operation.
Manually test and record battery operation; recharge
should be about five times longer than operation
time.

Recognize battery type and normal life expectancy;
check installation date and if product is supplied
with a replacement date; replace if close to end of
rated life.

Replace only with same type and ampere hour rated
battery; most chargers are factory set for specific
batteries.

Record the maintenance date, and keep the date with
the maintenance log.

Chargers. Battery chargers for emergency lighting systems
must conform to applicable safety standards.** This en-
sures that the combination of battery and charger has met the
time requirements for the initial charge and recharge and
that the charger has passed nationally established safety re-
quirements.

Most wet nickel-cadmium and lead-type batteries use a
two-rate charge: a high current for initial charge and a float
(constant-voltage) or trickle (low-current) rate to maintain
the battery at maximum capacity. The time needed to
recharge depends on the charger’s current-producing capac-
ity and the battery’s ability to accept that current. A fast
recharge requirement can shorten battery life. If the current
supplied is too great, the heat created causes a subsequent
loss of electrolyte. Battery charging tolerances are critical.
Even a slight increase in float voltage significantly reduces
the battery life through overcharging; even a slight decrease
reduces total capacity through self-discharge. Stand-alone
chargers can require field adjustments for best operation.
Nickel-cadmium designs use constant-current-charging
techniques. These chargers are not interchangeable. For ex-
ample, a 12-V nickel-cadmium battery has a different
charge set point than a lead-cadmium battery.

Light Sources. Incandescent lamps used in normally off
emergency lighting applications (Figure 29-10) differ in de-
sign from those used for general illumination. These usually
have a lamp life of approximately 50 hours and provide sig-
nificantly more lumens per watt than their longer-lived gen-
eral-illumination counterparts. Typical types include sealed-
beam incandescent, sealed-beam halogen, and miniature
incandescent and halogen. These high-output lamps are par-
ticularly useful when operated from unit equipment and cen-
tral low-voltage dc systems.
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Figure 29-10. An emergency lighting unit powered by a re-
mote source.

Emergency lamps used in normally on applications
should have high reliability and long life expectancy. Main-
tenance of normally on emergency lamps is essential to en-
sure their availability during a power failure. Because of
their short lives, general-illumination incandescent and
halogen lamps are not good choices if an inverter or a gener-
ator is the emergency supply. Emergency lamps that are nor-
mally on should be less susceptible to filament damage from
vibration, have long life, operate over a wide range of tem-
peratures, have good socket contact, and have short (less
than 10 s) restrike time. If general-illumination lamps are re-
quired for emergency lighting, the physical and electrical
characteristics of candidate lamps should be checked to en-
sure reliability.

Compact fluorescent lamps (CFLs) have become com-
mon in emergency applications. These lamps offer long
lamp life, high color rendering characteristics, and high effi-
cacy to reduce the power requirement. It is often easier to
achieve good illuminance uniformity and low glare with
such lamps, because luminaires utilizing them provide wide
coverage. The designer should be aware that low-tempera-
ture, high-temperature, or high-humidity exterior applica-
tions might not be suitable for these lamps, and the manu-
facturer should be consulted for assistance with such
applications (see Chapter 6, Light Sources).

Square-wave inverters for emergency power should not
be used with high-power-factor CFL ballasts. The ballast
can trip the circuit breaker because its power-factor-convert-
ing capacitor can behave like a short circuit to the square
wave output of the inverter.

HID lamps are generally incompatible with conventional
emergency power sources such as dec systems, generators, or

0626

ac inverters. None of these systems maintains lamp opera-
tion during transfer from normal to emergency power, so the
long cool-down and restrike times prevent emergency light-
ing from being available within the 10 s required by the Life
Safety Code.” Fast- transfer and uninterruptible ac inverters
are available to prevent this problem and are the only emer-
gency power sources compatible with HID lamps. “Instant-
restrike” HID lamps are available, as are systems that incor-
porate incandescent lamps during HID off periods. If HID
sources are selected, the designer should be sure that the
spectral characteristics of the source do not degrade the
color appearance of exit markings.

Linear fluorescent lamps are also used in emergency
lighting systems, particularly for illuminating paths of
egress, and in normally on systems. They are used in con-
junction with unit inverters, central inverters, or standby
generators.

Floor Proximity Path Marking. These systems typically
consist of photoluminescent materials, tritium, electrolumi-
nescent, LED, or incandescent lamps, which provide a vi-
sual delineation of the path of egress during emergency situ-
ations. These systems may be activated by fire alarm or loss
of power. Available power sources are dc batteries, central
inverters, and standby generators. Several path marking sys-
tems designed for use in smoke are available. These systems
are covered in the Life Safety Code” and may be mounted in
the floor or on the wall nearby. Some states, such as Califor-
nia, have considered requirements for such systems, and the
designer should remain alert for codes adopting this emerg-
ing technology, keeping in mind that it is a supplementary
rather than an alternative emergency lighting system. In the
meantime, applying such systems may result in enhanced
safety. For more information see the section “Supplemental
Path Delineation” above.

Design Considerations for Exit Marking

Legibility and Visibility of Exit Signs. The legibility and
visibility of exit signs are determined by three primary fac-
tors: sign characteristics, observer variables, and environ-
mental conditions. Sign characteristics include sign lumi-
nance, contrast, color, uniformity, graphics, and location.
Observer variables include adaptation state, visual capacity,
expectations, and familiarity with the space. Environmental
conditions include viewing distance, sign position, ambient
illuminance, veiling luminance, veiling reflections, glare,
competing graphics, colors, and contrast of the surround-
ings. These factors do not affect visibility equally.

Sign Characteristics

Graphics. Both NFPA 1017 and UL-924* specify the fol-
lowing criteria for exit sign graphics with a minimum 152-
mm (6-in.) legend height and an increase in proportion
based on greater letter height. The word EXIT is specified in
the United States, while either EXIT or SORTIE are permit-
ted in Canada.
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 Stroke width should be 19 mm (0.75 in.).

* Letter height should be 152 mm (6 in.).

* Letter width should be 50 mm (2 in.), except for the
letter “I” in EXIT and SORTIE, which should be 19
mm (0.75 in.) wide.

= Intercharacter spacing should be 10 mm (0.37 in.).

* Optional directional indicator should be a chevron,
identifiable from a minimum distance of 12 m (40
ft) and located to the left or right of the word EXIT,
consistent with the correct direction of egress.

The requirements in CSA-C860” are similar, except that
character size, stroke width, and the spacing between char-
acters are governed by the ratios specified in Figure 29-11.
Wider aspect ratios are required for characters having multi-
ple vertical strokes, including S, O, and R.

Several codes, such as CIE,* 1SO,” and NFPA,” have
provisions for an optional pictograph for exit markings. Its
graphic content contains a human figure exiting through a
door.*

Viewing distance. The ability to locate and read an exit
sign decreases as the distance between the viewer and the
sign increases. The current maximum distance between
signs, or between a sign and the exit, is 30 m (100 ft). This
translates into a visual angle of approximately 17 min of arc
for a 150-mm (6-in.) letter height, and 5.6 min of arc for a
50-mm (2-in.) letter width. Visual angles of this size should
be resolvable by those with 20/100 or better vision,* about
95% of the population,” although questions remain about
which features of the word EXIT constitute the critical de-
tail necessary for recognition.

Luminance. Sign luminance is not directly specified by
the Life Safety Code® nor by the National Building Code of
Canada.” The Life Safety Code does state that exit signs that
are externally illuminated shall have a minimum contrast of
0.50 and an illuminance of 50 Ix (5 fc). Internally illumi-
nated signs are required to be tested by an independent test-
ing laboratory to determine compliance with the require-
ments in UL-924.%

In other codes, specifications are given for sign lumi-
nance. UL-924.* for example, specifies two methods for

Figure 29-11. Exit Sign Typography Requirements from

CSA-CB860~
Relationship Letters Ratio
Strokewidth: Intercharacter spacing All <21
Strokewidth: Interline spacing
(e.g., when the words EXIT and
SORTIE are each on a separate line) All <21
Character height: Character width ETX < 3:1
S,0R =2.6:1
Character width: Strokewidth ETX =2.6:1
S, OR =31

Luminance uniformity (L a/Lmin)

making comparison. One method is to measure the mini-
mum luminance levels and uniformity ratios on the exit
sign; the other method invelves the testing of the exit sign at
30 m (100 ft), under various external illuminance conditions
(on the sign and visual task area) using human observers.
UL-924* and the NFPA Life Safety Code” presently allow
an exception to this requirement for self-luminous and elec-
troluminescent signs that have a minimum letter brightness
of 0.2 cd/m* as long as they are placed at their rated and
marked viewing distance as determined by an independent
testing laboratory. Research, however, has shown that these
signs are significantly less visible than signs meeting the 50
Ix standard.”" The CIE specifies a minimum luminance of
15 cd/m® and a maximum of 300 cd/m* for pictographs,”
while a United States Aeronautics and Space code specifies
89 cd/m? as a minimum.* In Canada, the CSA-C860% lumi-
nance requirements depend on the luminance uniformity
(L o/Liin) Within each letter of the legend and its back-
ground when illuminated (Figure 29-12). In addition, all
designated points on the sign shall be no less than 8.6 cd/m?
when illuminated.

A preponderance of research has demonstrated that in-
creasing sign luminance can increase visibility and con-
spicuity in both clear and smoke conditions.**** There
does not appear to be an upper limit for effective sign lumi-
nance in smoke.”* The existence of an upper limit for clear
conditions remains uncertain. Some very low wattage exit
signs such as LED, although mandated by certain energy
codes, in effect can be significantly less visible than com-
pact fluorescent or incandescent signs of higher luminance.

Contrast. The contrast between an exit sign’s graphic and
its background is very important in determining its visibility.
The contrast can be calculated with the formula
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Figure 29-12. Exit sign luminance requirements from CSA-
C860.
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where L, is the luminance of the character and L, is the
background luminance. NFPA-1017 and UL-924* specify
that an exit sign must have a minimum contrast of at least
0.5 when measured in darkness. CSA-C860” requirements
are similar to U.S. standards for exit signs having both lumi-
nous legends and luminous backgrounds. When either field
is opaque, the contrast shall be at least 0.25 with a vertical
ambient illumination of 50 Ix on the sign face. Ambient
lighting can significantly reduce sign contrast by dispropor-
tionate reflection from the opaque and luminous fields. For
edge-lighted signs, the CSA standard requires contrast of at
least 0.25 with 50 1x vertical illuminance on the sign face
and with a white nonspecular backdrop (p = 80 to 90%) be-
hind the sign. Further, the contrast of edge-lighted signs
should be at least 0.5 in darkness and with a black nonspec-
ular backdrop behind the sign (p = 0 to 5%). Available re-
search indicates that increasing contrast beyond these mini-
mum requirements can increase sign visibility.®*

Color. Neither NFPA nor UL provide specifications for
exit sign color, although many local jurisdictions do. Color
combinations are typically some combination of red or
green letters on a contrasting background (often white), al-
though the letter and background color can be reversed. The
National Building Code of Canada calls for red letters on
white, or the reverse. In other countries, codes specify green
and white for exit signs.”*** Research on the visibility of
exit signs of different colors has been somewhat inconclu-
sive, ™" possibly because contrast or luminance often varied
with color. When these factors were held constant,” it was
found that color had a negligible effect on sign visibility
when compared to the much stronger influences of lumi-
nance, contrast, and size.

Configuration and uniformity. Other sign factors that de-
termine visibility include the configuration and uniformity
of the sign. Recent research has hinted that stencil-faced
signs, in which the letters are illuminated and the back-
ground is opaque, can be somewhat more visible in both
smoke and clear conditions."”*** Sign uniformity has not
been studied systematically enough to provide reliable lumi-
nance ratios, although some have suggested variations of no
more than 3, 4, or 5:1 above the average level over the
brightest area of the sign. An Australian standard specifies
ratios of no more than 4 or 5:1 for internally lighted signs,”
while the CIE suggests no more than 10:1."' Excessive
nonuniformity can lead to obscuration of letters or critical
details on the sign. CSA C860” permits ratios of up to 20:1,
depending on sign luminance (Figure 29-12); UL-924% is
similar except that it permits ratios of up to 20:1 for each let-
ter or directional indicator and 50:1 for the entire sign.

Observer Characteristics. Physical disabilities in the pop-
ulation must be considered. For example, between 0.5 and
1% of the population can be considered legally blind,” even
with corrective lenses. Approximately 8 to 10% of the male
population suffers from color vision defects, which can re-
sult in inability to see saturated reds, or to confuse colors
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such as yellows and greens.” Other observers might suffer
mobility impairments that lead to longer egress times. All
observers suffer from problems due to changes in their adap-
tation during the first several seconds after the building
lighting is extinguished. For example, normal building illu-
minance levels can range from 100 to 1000 Ix (10-100 fc) or
more for offices. The time to adjust to emergency lighting
varies with the level of the emergency lighting; the lower the
level, the longer the time for adaptation. For example, it
takes over 2 min for foveal dark adaptation from an initial
adaptation luminance of approximately 300 cd/m.* As a re-
sult, signs of very low luminance, such as self-luminous or
electroluminescent signs at 0.2 cd/m? might be invisible
during the early stages of a power failure or similar building
emergency.” Beneficial effects have been reported from us-
ing photoluminescent markings and signs under such condi-
tions."*"

Location and Application of Exit Marking Equipment.
Exit signs are required in all buildings. Exit signs should be
located along the required means of egress and at all exit
doors or access areas. Directional exit signs should be lo-
cated at changes of direction in the egress path. Entrances to
egress stairs should also be indicated with exit signs.

Exit signs are usually mounted above exit doors to allow
passage beneath, and no lower than 2 m (80 in.) above the
finished floor to the bottom of the sign. Signs must be visi-
ble over the heads of others located in the path of egress.
Exit signs should not be more than 30 m (100 ft) apart along
the egress path at each exit door,” at each change of direc-
tion, at entrances to stairwells, and at changes of elevation.
Check local codes for other required locations. During a fire
emergency, smoke can obscure signs mounted above doors
(Figure 29-8). One solution has been the use of supplemen-
tal floor proximity signs, located approximately 200 mm
(8 in.) above the floor (Figure 29-13). These signs are in-
tended to be visible to a person crawling along the floor, just
below the smoke.*' Recent research suggests that such signs
should have high luminance, because low-luminance signs
are obscured very rapidly in smoke.?** Some incandescent
and many exit signs have low sign luminances. The designer
should be aware that certification or listing by a recognized
agency does not ensure proper application of an exit sign.

The same types of problems are encountered with posi-
tioning exit signs as with locating egress luminaires. Ceiling
soffits and bulkheads can block the line of sight to exit signs
(Figure 29-14). Other types of luminaires, such as surface
and suspended linear, can block the view of the sign. Hin-
drances to proper location and mounting of exit signs are
very large doors, glass above doors (Figure 29-7) , insuffi-
cient recessing or surface mounting depth to mount exit
signs above doors, business signs, and emergency egress lu-
minaires. Some exit signs with battery packs are four or
more inches deeper than nonbattery types, making them ex-
tend lower into the corridor headroom or door opening
space. The location of LED exit signs should be checked for
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Figure 29-13. Supplemental exit signs mounted near the
floor can be seen by occupants crawling along the floor in
smoky conditions.

viewing angles, because some of these signs can be less vis-
ible when viewed from oblique angles. All diffusing lenses
used with LED matrix signs reduce luminance, some more
than others. Emergency egress luminaires can produce suffi-
cient glare to obscure the exit sign. Competing light sources
and building finishes can also interfere with sign visibility
by changing sign contrast, reflectance, and brightness. In ex-
terior applications, certain light sources might not be suit-
able; electroluminescent signs, for example, are affected by
high humidity. Also, incandescent sources can be affected
by high vibration, which can damage both the source and the
socket.

Figure 29-14. A ceiling soffit can block the line of sight to an
exit sign.
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Choice of Exit Marking Equipment. Although exit mark-
ing equipment is controlled by many regulations, many dif-
ferent products meet the legal criteria. Therefore, specifiers
have a large selection of equipment from which to choose.

Options for exit signs include flashing, possibly com-
bined with audible signaling. These options alert the visu-
ally-impaired via sound and the hearing-impaired via flash-
ing. The UL-924 standard specifies the on-off duty cycle
times for these accessories.”® Some local codes require exit
signs with these options to interface with a fire-alarm system
as a way to provide additional information to the occupants.
Again, local codes should be consulted for facilities that re-
quire these options.

Self-contained signs. Self-contained illuminated exit
signs maintain sign luminance during normal power loss
without the need for an external power source. Battery, bat-
tery charger, and transfer systems stay ready to sense power
failure and switch to battery backup.

Remote-powered signs. Unit equipment, dc systems, in-
verters, and generators are all sources of emergency power
for remote-powered exit signs. With unit equipment or dc
systems, a separate circuit feeds directly to the exit to power
emergency lamps. In these systems, the emergency lamp
voltage must match the supply. Inverters or generators used
as emergency power sources should continue to operate the
normally on lamp without the need for additional circuits.

Because remote-powered signs do not contain a dedicated
battery and charger, they are less expensive than self-con-
tained signs. The total system cost depends on the remote
power source, the distance from that source, and the voltage
needed to power the sign. For example, an inverter- or gener-
ator-powered system using the same electrical distribution
system as that for normal power adds no cost, but dc power
needs additional wiring from the emergency source.

Exit Sign Lamps. Long-life lamps are essential for both
safety and economical maintenance. A building emergency
can occur without immediate power interruption. Therefore,
the normally on exit source should be designed for high reli-
ability and reasonably long life.

Many incandescent exit signs have extended-life nor-
mally on lamps and low-voltage emergency lamps that oper-
ate at the battery voltage. The burn cycle for the battery-op-
erated incandescent lamp or lamps is short, and therefore a
short-life, high-lumen-output source can be used. Incandes-
cent lamps provide extended life and lower light output
when operated below their rated voltage. Long-life incan-
descent lamps designed for exit applications have a rated life
ten or more times that of standard lamps and still provide
needed exit luminance. One advantage of filament lamps is
that they can be easily circuited to flash within the specified
duty cycle. High-voltage long-life lamps have thin fila-
ments, so shock and vibration can be a problem. Vibration
can also cause screwbase lamps to back out of the lamphold-
ers. Lamps with a dc bayonet base or fluorescent lamps
should be considered for such applications.
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Fluorescent lamps are popular choices for exit signs.
Low-wattage tubular and compact types are reliable, have
high luminance and good luminance uniformity, have a rea-
sonably long life, and are more efficacious than incandes-
cent sources. Total efficacy calculations for fluorescent
sources should include ballast loss, which can be as much as
50% of the listed lamp wattage. The power factor is usually
low for compact fluorescent lamps and must be considered
in circuit sizing. The luminous output of fluorescent lamps
depends upon temperature, so care should be taken to avoid
excessively high or low temperatures. See Chapter 6, Light
Sources for additional details.

Electroluminescent lamps operate between 80 and 200 V
ac, require less than 1 W of power per exit face, and yield a
uniform luminance pattern. Light is produced by phosphors
serving as a dielectric between a conductive foil or metal-
sputtered back electrode and a clear front electrode. Lamp
life can be 5 years or more when operating at a low fre-
quency and low power density. Exit signs with these sources
operate the lamp at line frequency during normal times. If
self-contained, they can switch to a higher frequency and
higher light output during emergency operation. These are
typically considered low-luminance signs and are not com-
monly used today.

Electroluminescent lamps decline gradually in brightness
over their life. The lamp should certainly be replaced before
the luminance falls below the 0.21 cd/m’ specified by the
Life Safety Code.” Different types of lamps decay at differ-
ent rates, and the manufacturer should be consulted for in-
formation pertaining to expected lamp life and brightness
decay.

Light-emitting diodes (LEDs) use 1 to 8 W per exit face.
LED:s are highly resistant to vibration, temperature, and hu-
midity because of their solid-state structure. Proper voltage
and current transient protection are necessary to achieve
long lamp life and good lumen maintenance. These small
point sources are used in an array to spell EXIT in English-
language signs, are placed behind diffusing material, or are
imbedded in plastic strips within the sign. These lamps also
have flashing capabilities and can be circuited to vary in in-
tensity. Viewing angles should be checked when using signs
with exposed LEDs because the luminous intensity of the
LED varies with the viewing angle. This potential problem
is overcome when the light-emitting diodes are placed be-
hind diffusing material. Many LED signs have power factors
as low as 0.1.% This is usually not a problem when con-
nected to the building utility supply, because the low power
factor of LED signs is usually leading, rather than lagging.
This helps to negate the undesired influences of more com-
mon lagging nonlinear loads in buildings. Such compen-
satory loads might not exist when LED signs dominate an
electrical circuit. In these cases, the load on the circuit can
become 10 times higher than with an ideal power factor of 1.
This is an important consideration when sizing backup
power sources and distribution circuits. See Chapter 6, Light
Sources, for further discussion on power factor.
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LEDs exhibit a brightness decay characteristic in which
luminance gradually declines over life. The LED assembly,
or lamp, should be replaced before the luminance falls be-
low half of the initial luminance. This can occur in as little
as one year or less or take as long as five years or more. This
decay depends on the driving circuitry, the type of LED
technology employed in the sign, and the manufacturer of
the LEDs. For example, overdriving LEDs shortens their
life. The claims of 100 to 200 years of life expectancy are
for complete cessation of light emissions. Different LEDs
decay at different rates, and the manufacturer should be con-
sulted for information pertaining to expected LED life to
half light output and the light output decay rate. It is advis-
able to mark this date on the sign or otherwise record the ex-
pected LED replacement date. For units that are put into op-
eration simultaneously, group replacement is more cost
effective.

Self-luminous signs depend on the radioactive decay of
tritium gas and the resultant electrons striking a phosphor-
coated glass tube to produce visible radiation. The published
life expectancy of these sources is 10 to 25 yr. As stated in
previous sections, the luminance of such signs is very low
and decays exponentially. This light source can be useful in
explosion-prone areas. Areas that require expensive electri-
cal distribution systems also benefit from this nonelectrical
exit sign. These signs must be registered with the U.S. Nu-
clear Regulatory Commission or the Atomic Energy Control
Board of Canada for use and proper disposal at end of life.
The designer should make sure that the chance of breakage
and exposure to the general public is minimal. In the United
States, these signs are required to be placed at an interval not
to exceed their marked viewing distance, which can be from
15 to 30 m (50 to 100 ft).

Maintenance Requirements

As with any luminaire, exit signs require periodic cleaning
and relamping. Due to their vital need during power failures,
prompt relamping and proper lamp replacement are re-
quired. Group relamping should be considered as a means of
reducing maintenance cost and increasing reliability. Most
problems can be prevented if installation instructions and re-
placement part recommendations are followed.

The following precautions should be carried out when in-
stalling exit signs:

* For a battery-operated sign, follow the steps de-
scribed earlier in this chapter for initial battery in-
stallation.

Avoid prolonged emergency lamp operation during
installation. Incandescent lamps for emergency
mode operation usually have high light output but
short life.

= Verify that the exit circuit cannot be switched off.
Visually inspect lamps and wiring.

= Record the installation date.
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 Verify that directional indicators are oriented cor-
rectly.

* Verify that the stencil is oriented properly to spell
EXIT or SORTIE.

* Make sure lamps are not in contact with the dif-
fusers.

= Ensure the appropriate number of lamps are opera-
tional (some authorities require two lamps in both
normal and emergency modes).

A permanent record of all maintenance and inspections
should be kept in a log book or computer file for review by
the local inspection agency, in compliance with the National
Electric Code (NEC), NFPA 70;° National Life Safety Code,
NFPA 101;* National Fire Code of Canada;” and NFPA
110, Emergency & Standby Power Systems.™

All self-contained emergency lighting and exit signs, in-
cluding units with maintenance-free batteries, should be in-
spected and tested every 30 days or more often. This inspec-
tion should include, but not be limited to, depressing the test
switch a minimum of 90 s and checking for lamp operation
(including remotely mounted lamps) and pilot light opera-
tion. Luminaires containing wet batteries should be in-
spected for electrolyte level in each cell and for electrolyte
leakage.®*

Central systems powered by ac or dc supplies or by main-
tenance-free batteries should also be inspected and tested at
least every 30 days. See the discussion on battery mainte-
nance earlier in this chapter for more information. The sys-
tem’s output voltage, frequency, and current should also be
checked against the data on the nameplate, and should be
within the tolerance specified when connected to the full
emergency lighting load.

Regardless of the source of power, the following steps
should be carried out when maintaining exit signs:

* Visually inspect lamps and wiring. Ensure the lamps
are suitable for the environment.

= Check installation date and institute a group relamp-
ing program if appropriate.

« Inspect light transmitting media for dirt or discol-
oration and replace with parts approved by the man-
ufacturer, if necessary.

» Verify that the directional indicators are consistent
with the egress path after maintenance.

¢ Record the installation date.

In addition, every 12 months, the emergency lighting and
exit marking equipment should be disconnected from the
normal ac supply and operated for a period of 90 min or the
minimum duration for which emergency lighting is required
in the given building. During this test, all emergency light
sources should operate continuously. To ensure that the
space always has emergency lighting when required, the test
should be conducted at a time when the batteries can be
recharged before the building is occupied. For large installa-
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tions where reliable skilled maintenance personnel are not
available, a service contract with a responsible service orga-
nization should be provided.

Where the designer anticipates little or no maintenance
and inspection, self-diagnostic and so-called “smart” self-
testing emergency lighting equipment should be considered.
A multitude of smart equipment is currently available, It au-
tomatically monitors various vital functions of the equip-
ment and indicates failures via visual and audible indicators.
It typically runs an automatic test and diagnostic program at
least once each month.

When replacing lamps, batteries, or any other parts, the
maintenance personnel must select replacement parts with
identical ratings and part numbers indicated on the replace-
ment markings in order to maintain the proper visibility, il-
luminance, and duration of operation in accordance with
code requirements. Field-installed diodes used in series with
an incandescent lamp to extend lamp life and reduce power
consumption should be avoided in exit signs. The diodes re-
duce the lumen output of the lamp, possibly affecting the
visibility of the exit sign as tested by the independent testing
laboratories.

In addition to the above procedures, it is also useful to pe-
riodically check the egress path to determine if architectural
and furniture changes have rendsred the emergency lighting
system ineffective. One should check that exit signs are
readily visible along the path of egress, and that emergency
illuminance levels still are on the path of egress. Many
building renovations take place without thought to the emer-
gency lighting system, which results in improperly located
exit signs and emergency luminaires.

Emergency lighting should be treated as life safety equip-
ment, for without its proper function, an area can be left in
total darkness, causing confusion, collisions with obstacles,
panic, and even loss of life.

Exit Sign Retrofits

Retrofit kits are available to convert existing exit signs to
more efficient light sources (Figure 29-15). Such efforts to
conserve energy should not compromise sign visibility.
Likewise, the retrofit kits should not compromise the elec-
trical system. Not all kits are equal in these regards.®? A
mock-up with recognized retrofit products installed in a fa-
cility’s signs can help reduce potential problems. It should
be noted that in 1995, UL* rewrote earlier standards for
retrofit kits. As a result, many previously accepted proce-
dures have been eliminated or restricted. One should make
sure that the kit’s listing is indeed current and recognized by
local regulatory bodies.

The following precautions should be carried out when in-
stalling exit sign retrofit kits:

* Verify the suitability of the kit for the sign, and
check the original manufacturer’s recommenda-
tions. Some retrofits are UL listed for single face
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Figure 29-15. A variety of exit sign retrofit kits.

signs only, and some for ac signs only. Not all can be
used for battery backup signs.

 Check that no wire splices are made in the lamp
compartment. All supply connections must be made
through lampholders.

» Use the proper voltage lamp or lamp and ballast
combination.

* Position the lamp for the most uniform luminance
on exit face.

* Record the installation date.

LIGHTING FOR SAFETY

Lighting for safety is different from emergency lighting in
that it involves ensuring proper illumination to provide safe
working conditions, safe passage, and the identification of
any hazards or obstructions, indoors or outdoors.

Safe conditions are essential in any areas where there are
people, and the effects of lighting on safety must be consid-
ered. The environment should be designed to help compen-
sate for the limitations of human capability. Any factor that
aids visual effectiveness increases the probability that a per-
son avoids an accident or detects the potential cause of an
accident and acts to correct it.

In instances where illumination is associated with acci-
dents, the accidents are attributed to inadequate illuminance
or poor quality of illumination. However, there are many
less tangible factors associated with poor illumination that
can contribute to accidents. Some of these are direct glare,
reflected glare, and harsh shadows, all of which hamper see-
ing and can cause visual confusion. Excessive visual fatigue
itself can be an element leading to accidents. Accidents can
also be prompted by the delayed readaptation that a person
experiences when moving from bright to dark surroundings
and vice versa. Some accidents that have been attributed to
an individual's carelessness could have been partially due to
difficulty in seeing from one or more of the above-men-
tioned factors. The accidents might have been avoided
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through the use of good lighting principles. See Chapter 3,
Vision and Perception, for further discussion of factors af-
fecting visibility, and Chapter 10, Quality of the Visual En-
vironment, for discussion of lighting design criteria.

Lighting for safety is a concern that must be addressed in
both outdoor and indoor locations. People must be made
aware of such hazards such as curbs, steps, sloped walk-
ways, and obstacles in one’s path (Figure 29-16). Where the
illumination is very low or designed to create a special ef-
fect, such as in hotels, restaurants, theatres, museums, art
galleries, and aquariums, care must be taken to identify
changes in elevation and direction without detracting from
the visual effectiveness of the lighting.

The industrial environment presents many special con-
cerns with respect to lighting for safety. Physical hazards are
marked according to American National Standards Institute
(ANSI) documents.* The color rendering properties of the
light source should be considered with regard to the physical
hazards present in the particular installation.”” See Chapter
19, Industrial Lighting, for good industrial lighting practices.

llluminances

Figure 29-2 lists illuminance levels regarded as absolute
minima for safety alone. They are provided for general guid-
ance and should not be interpreted as regulatory require-
ments. Consult, also, the local regulations.

To ensure these values are maintained, higher initial lev-
els must be provided as required by the maintenance condi-

Figure 29-16. Adequate safety lighting must be used in
spaces with obstructions or changes in direction or level,
such as stairwells.
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tions. In those areas that do not have fixed lighting, local
illumination should be provided during occupancy by means
of luminaires that are portable or mounted on material-
handling equipment and vehicles.

Other Factors

A visually safe installation must be free of excessive glare
and of uncontrolled, large differences in luminances. Appro-
priate guides to limiting glare and adaptation effects are
given earlier in this section in discussions of luminance ra-
tios and visual comfort. Maximum luminance ratios are im-
portant in avoiding temporary reductions in visibility be-
cause of changes in readaptation when alternately looking at
areas of widely different brightnesses. Although the quality
and quantity of illumination can be designed for safety in an
area, it is necessary to know whether the design meets
requirements. See Chapter 10, Quality of the Visual Envi-
ronment.

SECURITY LIGHTING

Security lighting is installed to help create a perception of
security and to protect people and property from criminal
activities.* The general principles of security lighting apply
to new facilities as well as to facilities being upgraded or
converted to new uses. These principles are:

* Integrate light into the total security system and
thereby facilitate the effectiveness of other security
devices or procedures.

* Illuminate objects, people, and places to allow ob-
servation and identification and thereby physically
reduce criminal concealment.

* Use illumination to deter criminal acts by creating a
fear of detection, identification, and apprehension.

* Reduce the fear of crime for the innocent by enhanc-
ing a perception of security.

The reader should understand that security lighting goals
may conflict with other lighting design criteria. The designer
is responsible for resolving these potential conflicts. It
should also be emphasized that security lighting is a segment
of a total security system; the total environment must be de-
signed with security in mind, if lighting is to be effective.
Lighting helps protect people and property from criminal
activities because of its effect on vision. In public places,
good security lighting is designed to help everyone see the
space clearly. This can better enable a sighted person to
identify and possibly avoid threats that may exist on the
premises. The presence of good security lighting can also
assist in protecting nonsighted persons from potential crimi-
nal activity by making would-be attackers visible to others
in the area. To achieve the objectives of security lighting in
both public and secure areas, attention has to be given to

both vertical and horizontal illuminances, the uniformity of
the illuminance distribution, the effect of obstructions, the
reflectances of surfaces, background contrast, the degree of
glare, the spectral power distribution of the light source, the
interaction with electronic surveillance systems, and the ef-
fect on the surrounding area.

Target hardening is a useful concept for determining op-
tions and setting deterrent objectives that increase the time,
resources, and planning of a perpetrator. Time is the enemy
of the criminal; the longer the criminal act takes or the more
security elements he has to overcome, the higher the proba-
bility he will be deterred. The target is the people or property
to be protected, and the security features are the hardening
elements. Hardening elements include fences, gates and
locks, surveillance personnel and cameras, response person-
nel, and established policies and procedures for operations
and maintenance.

A helpful approach to determining security needs is to
study the opportunity and means of probable attackers. Se-
curity works to deny opportunity and to increase the level of
risk necessary to attack the target.

The extent and type of lighting to be used as part of a se-
curity system are determined by several different factors:

* Crime status of the area. If the site is in a high-
crime area, it is likely that many physical defenses,
including lighting, are necessary to maintain overall
security.

Nature of the site. The type of facility or business,
the hours of operation or access, and surrounding
conditions affect the approach to security. Lighting
should be integrated into the overall goals for the
site.

Degree of obstruction. Landscape design and
building configurations should not retard detection
and identification of unauthorized persons on
premises. The means of lighting should be designed
to avoid strong shadows and permit observation of
the activities of those that are permitted on the site.
Ambient brightness of the surrounding area. Se-
curity elements at one site affect the security ele-
ments on adjoining sites. If the illuminances are
lower or of lower uniformity at one site compared to
adjoining properties, the former may be more attrac-
tive to criminal activity.

Impact on the surrounding area. Stray light from
a security lighting installation can be considered as
light trespass by neighbors. There are also possible
safety effects on neighboring roads and railroads
due to glare. Where signal lights are used to control
traffic on roads, railroads, rivers, or at sea, care
should be taken to avoid confusion caused by dis-
ability glare directly from security lighting, veiling
reflections on the signals from the security lighting,
or the identification of the security lighting as a sig-
nal. Local lighting ordinances should be consulted
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prior to any design work. Mounting height restric-
tions, source type, wattage limitations, shielding,
and other local requirements must be followed.

It should be remembered that lighting cannot guarantee se-
curity. Crime occurs in daylight hours as well as at night.
Also, as pointed out above, lighting is only one factor in se-
curity. Other elements are required for good security, includ-
ing locks, doors, gates, and detection means such as cameras
or personnel.

Security Lighting Applications

Broadly, there are four security lighting applications.

» Lighting for controlled sites, where there are other
defenses including access control

« Lighting for public spaces (such as mall parking
lots) where people may be present at any time and
where there are few or no access controls

e Lighting for single-family dwellings

o Lighting for multifamily residences, where each
dwelling unit is a private area with few physical de-
fenses and where “common-areas” exist

The recommended practices of IESNA provide more de-
tailed information and should be consulted when developing
a lighting design.

Security Lighting for Controlled Sites. A question to con-
sider is whether to light the space at all. It can be argued that
lighting a secure area advertises the presence of something
worth taking and hence attracts criminals, so keeping the
area dark may be a better approach. However, if criminals
are likely to know the area contains valuable materials, then
the absence of lighting makes the target more difficult to de-
fend. Thus, the choice of whether to light or not depends on
an assessment of risk. If the risk of criminal activity is high,
security lighting is essential. If the risk of criminal activity is
low, and the target is relatively unknown to persons not fa-
miliar with the site, then providing security lighting may be
counterproductive, especially in rural or isolated areas. It
should be noted, however, that the risk of criminal attack is
not the only concern for the designer. Safety lighting is also
important, so egress portals and refuse storage areas need to
be considered before deciding on a solution. In these cases,
motion sensors can be employed.

Security lighting for a controlled area should provide
uniform illumination so that anyone moving in or around
can be seen easily. Also, the security lighting design should
provide enough illumination so that intrusion or attempted
intrusion into the area can be detected, and any electronic
surveillance devices such as security cameras can operate
effectively.

These objectives can be achieved in many different ways
depending on the site and the nature of the security system.
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The following provides examples of security lighting for
some common sites.

Storage yards, large open areas, container terminals.
Area lighting is typically accomplished with floodlighting
or roadway luminaires on poles 10 m (30 ft) or more in
height. The recommended average illuminance on the sur-
face of large open areas is given in Figure 29-17. Figure
29-18 shows a typical layout. As a guide, an average-to-min-
imum illuminance ratio of 8:1 should be achieved. Lumi-
naire spacing depends on the luminous intensity distribution
of the luminaires.

The designer of area lighting normally determines the
number of poles, the number and type of luminaires, the
wattage and type of lamp, and the luminaire mounting
height. If the area is unobstructed by trees, structures, or
topography, the choice often is determined by simple eco-
nomic considerations such as first cost, maintenance, and
energy. Although simple economic considerations are im-
portant, they must be weighed against the anticipated threat
and, in economic terms, potential liability from personal in-
jury, theft, and vandalism. It is usually less expensive to pro-
vide good security lighting from the beginning.

If the area contains obstructions, as in container terminals
or rail yards, a design utilizing multiple source locations re-
duces shadows. This is especially true if the luminaires are
positioned within the site, between obstructions, and with
overlapping light patterns. The reflectances of site materials
can also be usec to advantage. Light colors on buildings and
concrete paving enhance the efficiency and uniformity of the
lighting system.

Figure 29-17. Recommended Average llluminances for

Security Lighting
llluminance,
Application Ix (fc) Notes
Large open 5t020(0.5t02) The greater the brightness of

areas the surrounding area, the
higher the illuminance
required to balance the
brightnesses in the space.

Vertical illuminance on the
building facade. The
greater the brightness of
the surrounding area, the
higher the illuminance re-
quired to balance the
brightnesses in the space.

Perimeter 5(0.5) lNluminance on the ground
fence on either side of the fence.

Buildings 51020 (0.5t02)

Entrances 100 (10) Illuminance on the ground in
the inspection area.
Gatehouses 300 (30) llluminance on the work-

plane in the gatehouse.
This lighting must be
dimmable to low levels at
night so the guard can see
outside the gatehouse.
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Figure 29-18. Typical layout for floodlighting open areas. H is
the pole height fo the luminaires.

Disability glare can sometimes be used to protect a se-
cure area by making people outside the protected area
highly visible to guards inside the perimeter and making the
guards more difficult to detect by people outside. In this sys-
tem, high-luminance luminaires or strobes are mounted at
eye level and aimed outward from the secure area. This tech-
nique has a high probability of producing light trespass and
light pollution problems. To minimize the duration of these
problems, motion sensors can be employed.

Building exteriors. All points of entry to the building and
the areas around them should be easily seen. Depending on
the construction of the building, the points of entry can con-
sist of walls and roof as well as doors and windows. The
most comprehensive approach is to light the whole building,
but power density and light pollution concerns limit most se-
curity lighting to critical areas of the building and site. The
illuminance to be provided on the face of the building is
given in Figure 29-17. The ratio between the average and the
minimum illuminance on the building facade should not be
greater than 8:1. Security lighting for buildings is more ef-
fective if the building has a high-reflectance facade and the
area adjacent to the building also has a high reflectance
(e.g., concrete rather than asphalt).

Critical areas can be lighted by luminaires set in the
ground, mounted on the building, or mounted on poles.
Ground-mounted floodlights can provide uniform illumi-
nance, but they are very accessible and hence can easily be
put out of action. However, for anything other than a basic
box-type building, it is difficult to adequately illuminate all
of the building surfaces without using an excessive number
of luminaires. Pole-mounted luminaires are usually the best
option for uniformly illuminating the surfaces of the build-
ing and the surrounding area (Figure 29-19). As with any
site lighting, light trespass, light pollution, and mounting
height restrictions should be considered before beginning
the design.

Building interiors. Security lighting for the interiors of
buildings depends on the methods of providing security. If
security officers are on site or make frequent checks of the
location, it is appropriate to have continuous illumination to
allow for a quick visual inspection of each space as officers
make patrol rounds. If the building is monitored automati-

Figure 29-19. Use of pole-mounted luminaires to provide
uniform illumination on the around a building.

cally using cameras, without security officers on site,
enough light should be provided to operate the cameras. If
infrared motion sensors or infrared camera systems, which
do not require light, are used, it is appropriate to design the
building to be dark when secure and to be illuminated when
trespass is detected by the monitoring equipment.

Perimeter fences and walls. The purpose of lighting
perimeter walls and fences is to deter or slow trespass and to
enable guards to detect intruders. Perimeter barriers come in
several different forms, from masonry walls to barrier
plants. The form of lighting used depends on the possibility
of seeing through the barrier and whether one or both sides
of the barrier is patrolled. If the wall or barrier is solid, there
is no possibility of seeing through it. If both sides of the
solid barrier are the subject of surveillance, lighting can be
provided by positioning a luminaire over the top to reduce
shadowed areas at the base of the barrier.

If a view through the barrier is possible, and if the ob-
struction is patrolled from either inside or outside the secure
area, it is useful to be able to see both sides. For this, light-
ing needs to be provided on both sides. This can be accom-
plished with a set of pole-mounted luminaires set back from
the fence (Figure 29-20). The lighting is most effective if the

Figure 29-20. Use of a pole-mounted luminaire to light
fenced perimeter areas.
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luminance of the fence is lower than the luminance of the
area on the side being viewed through the fence. This objec-
tive can be achieved by using a low-reflectance fence mater-
ial such as black or dark green coated chain-link. If galva-
nized chain link is used, care should be taken with the
aiming of the luminaires to reduce the illuminance directly
onto the fence.”

Guarded entrances and gate houses. Access to a secure
area is usually controlled by security personnel who stop
and inspect people and vehicles entering and leaving the site
(Figure 29-21). The entrance should be provided with multi-
ple, redundant luminaires so that the loss of any one lumi-
naire does not seriously degrade the lighting available to the
guard on duty.

Luminaires should be located at entrances in order to fa-
cilitate inspection of vehicles, vehicle license plates, and ve-
hicle contents, including the driver and the occupants. Good
vertical illuminance should be provided to allow for facial
identification, inspection of credentials, and receipt of pack-
ages without having to use auxiliary hand-held devices such
as flashlights. In high-security areas, some luminaires
should be mounted at or below pavement level to facilitate
inspection of the underside of vehicles. Having a concrete
road surface to increase the reflected light helps in the in-
spection of the underside of vehicles. Backup power sup-
plies should be considered for use during electrical outages.

Tlluminance at ground level for the inspection area should
be at least 100 1x (10 fc), or twice that of the immediate sur-
rounding areas, whichever is greater. In addition, vertical il-
luminance equal to 25% of the horizontal illuminance
should be provided at the level of the vehicle driver. Good
color rendering light sources (CRI > 50) should also be used
so that the color of clothing, documents, goods, and vehicles
can be easily discerned.

Tluminance inside the guardhouse should be limited to
the minimum required for comfortable completion of as-
signed tasks, such as report writing and equipment use (Fig-

Figure 29-21. Secure entrances must be sufficiently illumi-
nated to enable inspection of visitors or automobiles.
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ure 29-17). It should be possible to dim the illuminance in
the guard house to allow the guard to see clearly through the
windows at night and to limit the ability of those approach-
ing the gatehouse to see what the guard is doing. Well-
shielded task luminaires are essential to avoid reflections on
any surveillance monitors and the windows of the gate-
house. Fitting the gatehouse with specular-reflecting, low-
transmission glass at a tilted angle, painting the inside of the
gatehouse in dark colors, and ensuring that illumination can
be dimmed all help limit the view into the gatehouse. Figure
29-22 shows a typical installation.

Security Lighting for Public Spaces. The lighting system
should make the space look attractive and safe, and hence to
encourage its use at night by allowing defensive action at a
safe distance. In other words, by enhancing the visibility of
people and faces, suspicious or threatening behavior can be
detected early enough for evasive actions. Similarly, greater
visibility provided by good lighting enables people behav-
ing in a suspicious manner to be identified and described
with greater accuracy.

Lighting designed to allow action at a distance requires
that attention be paid to the illuminance levels, the illumi-
nance uniformity, the presence of disability glare, and the
spectral power distribution of the light source. Recent re-
search has shown that for people to have a reasonable per-
ception of security at night in parking lots and on business
streets, the horizontal illuminance on the pavement should
lie somewhere between 10 and 50 1x (1.0 and 5.0 fc).*
Below 10 1x (1.0 fc), perceptions of safety deteriorate
rapidly. The principle of defensive action at a safe distance
requires that vertical illuminance uniformity be within a
ratio of 4:1, average to minimum, and 5 to 8 1x (0.5 to 0.8 fc)
at 1.5 m above the ground. To achieve this goal, luminaires
should provide illumination from more than one
direction.

Disability glare is caused by light scattered in the eye.
Care in the selection of luminaries and pole heights is essen-
tial if disability glare is to be avoided. Unfortunately, dis-
ability glare is common in public spaces, sometimes due to

L

Figure 29-22. Gatehouses should be painted in dark colors
and use well-shielded luminaires and tilted windows to mini-
mize reflections and disability glare.
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poorly aimed luminaires and often poor luminaire design.
This is particularly true of some historical luminaires, which
provide little shielding of the lamp and low mounting
heights. In this case, low wattages should be used in the his-
torical luminaires, and site illumination from other well-
shielded sources should be used to meet security lighting de-
sign goals.

Light source spectral power distribution is important for
seeing hair, eye, clothing, complexion, and vehicle colors,
which are key elements in most witness statements. The
ability to name colors accurately and confidently is deter-
mined by the light source spectral power distribution and the
illuminance level. Research has shown that almost any nom-
inally white light source (CRI > 50) allows accurate and
confident color identification at the illuminances used in
public spaces at night. High-pressure sodium lamps allow
accurate but less confident color naming at high illumi-
nances used for public spaces, but both the accuracy and
confidence declines at lower illuminances. Low-pressure
sodium lamps do not allow accurate color identification un-
der any illuminance level.

Parking facilities. Techniques for lighting parking lots
and parking garages are available in Chapter 22, Roadway
Lighting, or IESNA RP-20-99, Lighting for Parking Facili-
ties.” Walkways are discussed in [ESNA DG-5-94, Lighting
for Walkways and Class 1 Bikeways.” When security is an
issue, because of crime history or changing conditions, the
recommended minimum maintained security illuminance
for open parking facilities should be no less than 30 Ix
(3.0 fc) on the pavement, with a uniformity ratio of 4:1, av-
erage to minimum. Vertical illuminance should also be 3 Ix
(0.3 fc) 1.5 m (5 ft) above the ground. These recommended
values differ slightly from those offered in RP-20-99 for en-
hanced security. Functionally, however, the differences are
unimportant. Sidewalks, footpaths, and grounds around
open parking lots should be illuminated to a minimum of
6 Ix (0.6 fc), with a uniformity ratio of 4:1, average to mini-
mum. Vertical illuminance should also be 6 Ix (0.6 fc) at
1.5 m (5 ft) above the ground.” These illuminances should
be enough to identify a human face at 10 m (33 ft).

The threat to people and property in covered parking
garages can be very high. This condition is caused by iso-
lated floors, numerous places to hide, and a lack of effective
surveillance. Recommended minimum illuminances for
covered parking facilities should be no less than 60 Ix
(6.0 fc) on the pavement, with equal values measured verti-
cally at 1.5 m (5 ft), and a uniformity ratio of 4:1, average to
minimum. These illuminances should be maintained around
the clock because daylight rarely penetrates deeply into
parking garage.

Parks and public areas. Parks and public areas are areas
where opportunity for violent crime is high. As with any
other area where criminal activity is likely, the lighting sys-
tem should enable action at a distance by illuminating
potential hiding places and adjacent areas. Locations where
loitering and graffiti are likely to occur should be uniformly

illuminated at least to 10 Ix (1 fc) at ground level with an av-
erage-to-minimum ratio of 4:1. Planners also need to con-
sider the following issues when designing the lighting and
other components of security and safety management:

= Light pollution and light trespass

¢ Prior history of crime in the park and surrounding
areas

* Social conditions and citizen participation

* Cultural values

» Traffic patterns and access

= Patrol frequency

Trails and walkways should be illuminated to a minimum of
6 Ix (0.6 fc) at ground level, with an average-to-minimum
uniformity ratio of 4:1 along the length of the trail and on all
sides out to a distance of 10 m (30 ft). Vertical illumination
1.5 m above the ground should be at least equal to the hori-
zontal illuminance at ground level. Where trails are situated
in woods, landscape areas, or even broken terrain, lighting
designers should also attend to aesthetic issues.®® Informa-
tion on lighting for public parking lots, public walkways,
and jogging trails can be found in Chapter 21, Exterior
Lighting, and Chapter 22, Roadway Lighting.

Fast food restaurants. Many fast food restaurants are
around-the-clock operations. The drive-through area is
where criminals are most prone to attack, particularly when
patrons are involved in transactions at the window. The at-
tacker typically approaches the patron between the building
and the left rear of the automobile. Building designs that al-
low the window service personnel to view the left sides of
cars provide a deterrent to this type of mugging. Lighting
that is mounted on the building, above the side window, al-
lows good observation by the employee, although glare for
the patrons in their cars should be avoided (Figure 29-23).
Considering the vulnerability of drive-up customers at fast
food locations and when security is an issue, lighting stan-
dards should exceed those described for parking lots dis-
cussed in RP-20-99* during all hours of operations. For
these applications, the recommended minimum maintained
illuminance for the area within 30 ft of the drive-up win-
dow(s) should be no less than 60 Ix (6.0 fc) on the pavement
with a uniformity ratio of 3:1, average to minimum. Side-
walks, footpaths, all areas adjacent to the structure, and the
remainder of the parking lot should be illuminated to a min-
imum of 30 Ix (3.0 fc) at grade, with an equal value mea-
sured vertically 1.5 m (5 ft) above grade and with an illumi-
nance uniformity ratio of 4:1, average to minimum.

Convenience stores. Convenience stores often operate
around the clock. When security is an issue the minimum
recommended maintained horizontal illuminance should not
be less than 60 Ix (6.0 fc) on the parking lot pavement and
customer use areas, including gasoline pumps and islands,
air and water stations, and drive-up telephones. The illumi-
nance uniformity should not exceed a ratio of 3:1, average to
minimum. Surrounding, adjacent, or internal sidewalks,
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Figure 29-23. Location of luminaires for drive-up fast-food
restaurant.

footpaths, refuse disposal area(s), areas adjacent to all sides
of the structure, and grounds areas should be illuminated to
a minimum maintained illuminance of 30 Ix (3 fc) at ground
level with a uniformity ratio of less than 3:1, average to min-
imum. It is recommended that the storefront exit and the
sidewalk areas be lighted to a minimum of 50 Ix (5.0 fc) at
the pavement. If supplemental viewing devices such as sur-
veillance cameras or mirrors are employed, a minimum ver-
tical illuminance of 12 Ix (1.2 fc), 1.5 m (5 ft) above ground
level should be provided for lighting faces. Vertical illumi-
nances in the parking lot improve the visibility of the out-
door parking area to people inside the store, provided the lu-
minances of objects exceed the luminances of the reflections
on the inside of the glass. Ambient lighting within the store
is usually adequate for security purposes. Store management
should always have a clear view of the outside sales area.
After dark, more illumination is required outdoors than in-
side to prevent windows from acting as mirrors. Covering
windows with opaque sales promotion posters should be
discouraged. Reference should be made to IESNA RP-20,
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Lighting for Parking Facilities,” for additional guidance in
lighting convenience store parking facilities.

Automated teller machines and night depositories.” Auto-
mated teller machines (ATMs) and night depositories (NDs)
present opportunities for criminals to perpetrate acts of crime
against the public. ATMs and NDs do not normally provide
security by professional personnel, so customer security
must rely on physical security features such as lighting. As
with any service where the public is invited to take advantage
of unattended service locations, owners, operators, and
providers of such services should adhere to applicable
statutes or standards of security in an attempt to minimize
risk to invited users. However, it is important to recognize
that there are innumerable variables in site configurations,
existing lighting applications, weather, seasonal impacts, and
other conditions, which require some flexibility in the imple-
mentation of recommended practices. IESNA Design Guide
DG-9-97, Lighting for Automatic Teller Machines,” and the
section “Financial Facilities” in Chapter 11, Office Lighting,
provide additional information on this subject. At the time of
this printing, however, the standards for ATM/ND lighting
are evolving. The reader should consult the IESNA and local
codes for the latest information.

Security Lighting for Residences. The size of the resi-
dence, the distance from neighbors, the nature of the terrain,
and whether the residence is in a rural, suburban, or urban
area are all factors to be considered. Single-family housing
and multifamily housing, such as an apartment building,
have different security requirements and different security
lighting needs. Deterrence is usually the number-one prior-
ity in residential security, followed by detection, recogni-
tion, and, if all else fails, a signal for help.

Deterrence. Security lighting can deter criminals by
sending a message that at your residence the probability of
detection and identification is high. To do this, enough light
has to be provided to eliminate dark areas and to clearly re-
veal anyone on the property to a resident. Occupancy sensor
controls are a key ingredient to deterrence in these applica-
tions.

Detection. To detect an intruder, there should be a high
luminance contrast against the background. Lighting the
landscape can achieve this by creating a bright background
against which people can be seen. Illuminating exterior
walls of a building makes it easier for neighbors to detect an
intruder’s silhouette against the lighted surface.

Signal for help. If deterrence has failed and an intruder
has been detected outside, a call for help is desirable. Light-
ing can provide such a call. High-brightness strobe lights,
located at eye level at points of entry and directed away from
the residence, can interfere with the intruder, while provid-
ing an alarm to neighbors, passers-by, or patrols. Profes-
sional alarm or security equipment providers can furnish
this equipment and integrate it into an existing electronic in-
trusion detection system.
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Indoor lighting. Security lighting is not limited to exteri-
ors. An intruder wanting to avoid confrontation may move to
another target if the interior lights are on. Switching lights
with a timer is one solution. This becomes more effective
when the timer can be programmed to switch at different
times during the week or month. Motion detectors that
switch interior lights on when motion is detected are also ef-
fective. Illuminating critical interior entry or hallways can
be effective deterrents and provide comfort to shut-ins and
those who feel safer when the lights are on.

Single-family dwellings. The illumination of exterior
doors is mainly for the identification of callers, for safety,
and for more routine tasks such as finding keys quickly and
locating lock keyways (Figure 29-24). Illumination from lu-
minaires on both sides of the door aid in face recognition. If
the luminaires are ceiling mounted, they should not be di-
rectly above or behind where the person would be standing.
The minimum vertical illuminance for security lighting
should be 8 1x (0.8 fc), measured 1.5 m (5 ft) above the door-
way threshold.

Glare can be used effectively in residential applications if
proper glare control techniques are used (Figure 29-25).
Floodlights facing the street are a good deterrent, but they

should produce glare only to someone standing on the prop-
erty. Passers-by (whether sidewalk pedestrians or drivers in
cars) and neighbors should not be subjected to glare from
the security lighting.

Side-yards, or set-backs, are best illuminated from the
roof eaves or soffits of the residence. Mounting heights
greater than 2.4 m (8 ft) are generally more difficult to de-
feat by vandals or intruders. Downlighting increases light
levels on the face if the correct luminaires are employed. A
long-life, high-luminous-efficacy light source, such as a
low-wattage HID or CFL, is preferred. Lamps can be sensor
controlled or manually operated to fit the needs of the resi-
dents. Luminaire spacing along the side of the building de-
pends on the building shape, luminaire luminous intensity
distribution, and the desired illuminance uniformity.

Walls, wooden fences, perimeter barriers, and similar
features should be lighted from above, if possible. Plant ma-
terials can be uplighted to eliminate shadows or hiding
spaces and for aesthetics. The illuminances in Figure 29-17
are a starting point for security lighting design for residen-
tial properties in high and low crime areas.

Multifamily residences. Multifamily residences present a
security lighting challenge different from that for single

Figure 29-24. Location of luminaires for facial identification.
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Figure 29-25. Techniques/goals for using glare as deterrent in residential applications.

family dwellings. Even when inside a structure, the occu-

pants are not in a totally secure environment. The building is
1wccessible to the other residents and their guests, so occu-
ants may be at risk when moving within the building.

COMMON AREAS (HALLWAYS, STAIRWAYS, AND ASSEMBLY
AREAS). Lighting that enables recognition of faces is essen-
tial to determine who belongs in the space and who does not,
who is perceived as safe and who may present a danger. Cor-
ridors, hallways, and stairwells tend to be dark in many mul-
tifamily buildings. A minimum maintained horizontal illu-
minance of 30 Ix (3.0 fc) should be provided at 1.5 m (5 ft)
above floor level and should be uniform, average to mini-
mum, at a 4:1 ratio. If the residential complex shares a com-
mon mail box area, the space, open or enclosed, should be
uniformly illuminated, average to minimum, at a 4:1 ratio
with a minimum of 100 Ix (10 fc) 1.5 m (5 ft) above floor
level.

OTHER AREAS. The illuminance requirements for mail
rooms apply to other high-use gathering points such as laun-
dry rooms, showers, locker rooms, exercise rooms, and the
like, regardless of whether such facilities are closed or open
in design. Care should be given to illuminate probable hid-
ing or seclusion areas where perpetrators can prey on ten-
ants. This includes spaces under stairways, unsecured stor-
age lockers, roof access wells, and furnace and maintenance
rooms.

INDIVIDUAL RESIDENCE CONTROLS. Individual residences
must have, as a minimum, an individual lamp by every entry
door for viewing potential visitors prior to opening the door.
Regardless of whether visitors are viewed through a window
or security viewing device (peep hole), the resident should
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have sufficient illumination to clearly recognize facial fea-
tures. Refer to the illuminance requirements for single-
family dwellings for partially enclosed individual porches,
patios, or privacy areas with entry doors to individual resi-
dences.

PARKING AREAS. Parking structures or open parking areas
should be lighted in accordance with the recommendations
of Chapter 22, Roadway Lighting and TESNA RP-20-99.”
Lighting for Parking Facilities, under normal conditions.
When security is an issue, lighting should be installed con-
sistent with the recommendations contained in the sections
“Parking Facilities” and “Security Lighting for Public
Spaces” above.

MAINTENANCE CONSIDERATIONS. Maintenance of lumi-
naires for a multifamily residential complex is a particu-
larly vexing problem. Stocking the number and variety of
lamps, vandalism, wear and tear, and tenants who inten-
tionally circumvent security systems are just some of the
problems faced by residence managers. Nevertheless, man-
agement must maintain a formal inspection routine and
record keeping process for the repair and replacement of
lighting equipment. These inspections should be performed
no less than weekly, with a short turnaround time for re-
pairs of no less than 36 hours. Formal records of the in-
spection process and the resulting repairs should be kept
and referred to often. Where police or security officers
work on the property, this inspection process should be per-
formed on every shift for which an officer makes rounds
and reported on his daily activity log or other forms. Also,
if battery-operated lights are used, spare batteries and
lamps should be available.



SECURITY LIGHTING

29-25

Lighting Equipment

Light Sources. Most general-purpose light sources can be
used for security lighting. HID lamps are generally used for
all-night security lighting. Because they provide the highest
lumen package and the longest life, they are unaffected by
most ambient operating temperatures and are available in a
wide range of lumen ratings, spectral power distributions,
and voltages. Some disadvantages: HID lamps require
bulkier luminaires, control of light output is more difficult,
initial cost is higher, and mounting may be more complex.
These disadvantages can be offset by the benefits of needing
fewer luminaires and having much longer lamp life.

The longer runup and restrike times of HID lamps make
them unsuitable for use with motion sensors, or where light-
ing is energized only when an intruder is detected. In these
situations, incandescent or fluorescent light sources are
preferred. For more complete information on light sources
and their individual characteristics, see Chapter 6, Light
Sources, or refer to manufacturers’ information for detailed
lamp data.

Luminaires. Security lighting equipment can often suffer
hazards more severe than weather and usage. Manufacturers
provide a wide range of tamper-resistant and destruction-re-
sistant systems. Other than intentional abuse, the selection
of the luminaire is based on the light source to be used, the
desired luminous intensity distribution, aesthetics, ard the
degree to which the luminaire is exposed to the environ-
ment. Environmental factors to be considered include
whether the location is indoor or outdoors, temperature ex-
tremes, luminaire mounting location, and the level of vul-
nerability of the luminaire to damage by attack. Fluorescent
sources are most affected by ambient temperature extremes.
Most magnetic fluorescent ballasts are rated for use down to
10°C (50°F). If colder temperatures are expected, a cold
weather electronic ballast rated for cold weather starting is
necessary. Even though the lamps may start at cold weather
temperatures, the lumen output of the lamp may be signifi-
cantly reduced. Excessively warm temperatures also have an
effect on fluorescent lamps, as lumen depreciation also oc-
curs when ambient temperatures exceed 27°C (80°F). The
designer should consult Chapter 6, Light Sources, and
Chapter 7, Luminaires, with regard to sources and environ-
mental factors.

In many situations, luminaires used for security lighting
are part of the general lighting system, as in parking facili-
ties or building enhancement. Frequently, the daytime ap-
pearance of the luminaire and pole is the deciding factor in
the choice of equipment. Shopping malls may use more ex-
pensive equipment in public areas and lower-cost luminaires
in employee areas. However, it is important to consider that
employees usually arrive and depart when few customers
are present, and therefore they may be subject to greater
danger.

Regardless of luminaire type, the equipment must be eas-
ily maintained; if exposed to weather, it should be listed by

Underwriters Laboratories (UL) or the Canadian Standards
Association (CSA) for wet locations. Luminaires may be
mounted on poles, building surfaces, or on the ground.
Where the luminaire may be subject to damage, vandal-
resistant types should be installed.

Any luminaire mounted on a ceiling or wall and less than
3 m (10 ft) above the ground is likely to be the subject of
physical abuse by vandals. A high-abuse luminaire should
incorporate the following features:

* The base of the luminaire should have a step or
flanged base and be solidly mounted to the building
structure or mounting accessory.

* The electrical junction box should not be used as the
sole luminaire support point.

¢ The lens or diffuser of the luminaire should be shat-
ter proof and weather resistant.

= Exposed hardware should be tamper and weather re-
sistant.

* The luminaire should have the ability to withstand
repeated blows from an improvised club.

Lighting Poles. The higher luminaires are mounted from
the ground, the fewer poles and luminaires are required to
light a given area, and the lower the likelihood of vandalism.
Fewer poles can cause more shadows and less uniform light-
ing, however. As pole heights are reduced, more poles with
lower-wattage luminaires are required to avoid glare and
nonuniform lighting patterns.

Controls. Security lighting should always be controlled au-
tomatically. System design should consider the possibility
of power outages and lamp failure. Redundancy should be
considered when assigning luminaires to control zones, so
that the failure of one luminaire does not leave a large area
without illumination. Further advice is given in Chapter 27,
Lighting Controls.

HID systems should be designed to be energized prior to
darkness at a time suitable for the runup period of the lamp.
Lighting controls should be designed to energize the light-
ing system when the ambient natural lighting level is 1.6
times the average horizontal security illuminance design
value, or 15 Ix (1.5 fc), whichever is higher. This ensures
that the designed illuminances are met during dusk as well
as after dark.

Types of automatic controls suitable for security lighting
operation include time clocks, photocontrols, dimmers, and
motion detectors.

Time clocks. These are generally used to control large
areas from one location, such as mall parking lots. Astro-
nomical time clocks can be programmed to adjust on-off
times with the changes of season. These types of clocks can
be quite expensive and still may not be able to readjust by
themselves if darkness is hastened by cloud cover. All time
clocks should include a battery backup.

Photocontrols. These are used to control individual or
small groups of luminaires on circuits, which are always en-
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ergized. They can be designed to automatically energize
luminaires during dark periods regardless of time of day.
They have the added advantage of not needing to be reset af-
ter power outages or before and after daylight-saving time
periods. Photocontrols should not be mounted where the
light sensing area is accessible to flashlight or vehicle head-
light beams.

Dimmers. These can be used to reduce illumination and
power demand by approximately 50% during low traffic pe-
riods in such applications as industrial employee parking
lots during working hours or mall parking lots late at night.
By dimming all units, the entire area remains uniformly illu-
minated. This contrasts with the spotty appearance com-
monly caused when half the luminaires are switched off to
save electricity. Dimmable fluorescent and HID units re-
quire special ballasts, Dimmed HID sources may not have
the same color characteristics as when they are operated at
full output. This can have implications for camera surveil-
lance as well as the ambiance of the space.

Motion detectors. These are used to switch on specific
units when motion is detected. Motion detectors employ in-
frared or ultrasonic technologies to detect motion.” Infrared
detectors are the predominant choice outdoors, due to the
sensitivity of ultrasonic detectors to movement caused by
wind. Due to the runup time of HID light sources, motion
detectors should be used only with incandescent and fluo-
rescent light sources.

Lighting for Camera Surveillance. Cameras do not have
the same spectral sensitivity as the human eye, and therefore
they respond differently to light sources. Most manufactur-
ers specify a minimum illuminance needed for their cameras
to produce a clear picture. These illuminances are usually
given for an incandescent lamp and, most usefully, in terms
of the amount of illumination on the image sensor. Higher il-
luminances are required for other light sources. Further, if
moving objects are to be easily seen, illuminances above the
minimum are required, whatever the light source. The man-
ufacturer should be consulted before selecting the light
source to be used, if there is any doubt about the sensitivity
of the camera.

Cameras also have a rather limited dynamic range. Care
should be taken to mount surveillance cameras below the lu-
minaires, so that they do not receive any light directly from
the luminaires causing “white-out” of that part of the image.
In addition, all surfaces that are to be seen by the camera
should be evenly illuminated. The security station contain-
ing monitors for surveillance cameras should also be care-
fully lighted to avoid reflections from interior luminaires in
the monitor screens.

Site Assessment and Maintenance. Evaluations should
be conducted regularly to determine what reasonable levels
of security lighting and other security features or techniques
should apply to each location. These surveys or audits
should be performed annually, and at a minimum, they
should include crime analysis of the location and surround-
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ing community, physical and operational changes at the site,
condition of the immediate community, and lighting config-
uration and maintenance on the property.

No security lighting system can remain effective without
regularly scheduled maintenance. A planned maintenance
program should include immediate replacement of failed
lamps, repair or replacement of vandalized luminaires, regu-
lar cleaning, and cutting back of any encroaching vegeta-
tion. For additional information consult Chapter 28, Light-
ing Maintenance.

Lamp replacement. A well-designed security lighting
system should have overlapping light patterns so that no
area is dependent on a single luminaire. Failed lamps should
be replaced immediately, however, in case a second lamp in
the same area also fails. With installations requiring special
lift equipment to service the luminaires building owners or
managers should consider replacing all of the lamps at the
same time.

Repair or replacement. Luminaires damaged by natural
causes or vandalism should be immediately repaired or re-
placed. Luminaire condition should be monitored on a regu-
Jar and frequent schedule to assure that all are working and
aimed properly to produce the desired lighting coverage.

Cleaning. Regardless of the quality of the equipment, in-
sects and dirt collect in enclosed luminaires. Therefore, all
units should be cleaned at least once each year. A more fre-
quent schedule should be followed when inspection indi-
cates it is required.

Pruning. Shrubbery adjacent to walkways, driveways, al-
leys, and park areas must be pruned regularly to prevent in-
terference with the light pattern and eliminate shadowed
areas. Landscaping around buildings must be pruned regu-
larly to prevent growth from obscuring potential intruders.
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